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FOREWORD 


The  Third  Symposium  on  Detonation  is  the  continuation  of  the 
series  of  Navy-sponsored  discussions  of  this  subject  which  have  been 
scheduled  at  irregular  intervals  as  new  advances  in  the  science  make 
an  assessment  of  the  current  state  of  the  field  timely.  The  first  two 
symposia  were  sponsored  by  the  Office  of  Naval  Research.  On  this 
occasion,  the  Naval  Ordnance  Laboratory,  White  Oak,  one  of  the  labo¬ 
ratories  under  the  Bureau  of  Naval  Weapons,  is  joining  with  ONR  in 
the  continuation  of  these  symposia. 

Unlike  the  previous  symposia,  the  scope  of  this  one  has  been 
limited  to  condensed  systems.  This  restriction  is  based  on  the  exis¬ 
tence  of  more  opportunities  for  presentation  of  research  on  gaseous 
detonation  at  relatively  frequent  meetings  of  various  scientific  and 
engineering  societies. 

The  object  of  this  symposium  is  to  bring  together  scientists 
actively  engaged  in  research  on  detonation  to  discuss  the  current  status 
of  related  research.  To  achieve  this,  the  organizers  of  the  symposium 
have  Invited  review  papers  on  the  three  topics  being  emphasized: 

Explosive  Sensitivity,  Detonations  and  Shocks,  and  Non-Steady  Detona¬ 
tions.  These  are  supplemented  by  contributed  papers  to  include  the 
results  of  current  research, 

The  papers  are  being  published  in  two  groups,  one  containing  the 
unclassified  contributed  papers  and  the  second  containing  the  review 
papers  and  classified  contributed  papers. 

The  sponsors  of  this  symposium  are  of  the  opinion  that  the  exchange 
of  research  information  on^i  concepts  will  stimulate  advances  in  this 
complex  field  of  the  Interaction  between  flow  and  exothermic  chemical 
processes.  In  addition,  advsmces  in  the  understanding  of  detonation 
phenomena  are  becoming  more  and  more  important  to  the  Department 
of  Defense  and  other  agencies  of  the  governnaent.  This  increases  the 
value  of  making  certain  that  existing  knowledge  is  available  to  those 
having  need  for  it. 

To  all  those  contributing  to  the  success  of  the  symposium,  the 
organizers  wish  to  express  ^eir  sincerest  appreciation.  Special 
thanks  go  to  the  individuals  undertaking  the  difficult  task  of  preparing 
the  review  papers;  to  the  session  chairmen;  to  the  staff  of  Project 
SQUID  of  the  James  Forrestal  Research  Center,  Princeton  University 
for  handling  many  of  the  arrangement  detadls;  and  to  Princeton  Uni¬ 
versity  for  the  use  of  its  facilities. 

JAMES  E.  ABLARD 

Chemistry  and  Explosives  Program  Chief 
Naval  Ordnance  Laboratory 
White  Oak 

RALPH  ROBERTS 

Head,  Propiilsioa  Chemistry  Branch 

Office  of  Naval  Research 
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SENSITIVENESS  TESTING  AND  ITS  RELATION  TO  TBE 
PROPERTIES  OF  EXPLOSIVES 


E.Q.  Whitbread 

Exploalvea  Reacaroh  and  Derelopunt  Eatabliahaant , 
Valthaa  Abbey,  Ei<aex,  England. 


Scope 

It  la  preposed  to  retlev  the  aubjeots  of  section  ene  as 
seen  fres  E.R.D.E.  nils  is  necessarily  a  biased  tIow  vith  a 
considerable  Mi^iasia  on  this  eatabliahsents  work,  but  it  is  thoui^t 
that  this  deacrlption  of  our  probluu  will  be  useful  to  the  seeting 
as  a  whole* 

1.  The  Selection  and  Standardisation  of  Teats 


1«i  Safety  Certificate  Testlas.  The  need  for  sensttlrity 
testing  in  research  kasiosg  been  recognised.  A  great  deal  of 
effort  is  currently  expended,  in  thoee  establiahaents  concerned,  on 
the  deyelepnent  of  eopirioal  testa  and  rather  less  on  basic  research 
leading  to  an  understanding  of  sensitlTlty  phenoaens. 

There  are  two  major  objeotiyes  in  aensitiylty  testing,  (1) 
to  obtain  a  neaaure  of  the  hazard  assooiated  with  the  aanofactux^, 
use  and  storage  of  ezploaiye  oaterlala,  and  (2)  to  detersine  the 
reliability  in  operation  of  exploaiye  deyicea.  To  some  extent 
these  require  a  different  philosopbieal  approaoh  althoii^  the  testa 
used  nay  be  sisilar  or  eyen  identical.  In  one  case  the  desired 
state  is  a  very  low  probability  of  initiation,  whereas  in  the  other 
the  optisuB  la  a  yery  high  probability  of  detonation  which  must 
itself  be  as  effioient  as  possible. 

For  either  objectire  the  work  falls  into  two  natural 
classes i  the  deyelopment  of  efficient  tests,  and  a  study  of  the 
meohanism  of  the  physioal  and  cbeoioal  processes  by  which  the 
naterial  is  brought  to  explosion. 

The  oholoe  of  tests  by  a  given  establishment  is  often 
arbitrary  and  dictated  by  ayailability  of  faoilities  or  sioilar 
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factors.  The  cooiaonest,  in.  oilier  of  popiilaritFi  arei- 

1  lapaet  machine. 

2  dome  form  of  thermal  (temperature  of  explosion)  test. 

3  Setae  fora  of  friction  teat. 

4  Cap  test. 

5  Projectile  attack  teat. 

It  is  a  ohaatening  thought  that  of  all  the  teats  and  test  facilities 
the  impact  test  is  the  only  one  which  is  unirersally  used. 

There  is  a  considerable  advantage  in  the  collective  use  of 
the  results  of  several  tests  to  describe  an  explosive.  In  the 
United  Kingdom  this  pr.lnoiple  is  used  in  a  document  knotm  as  the 
"Safety  Gertlfloats",  and  this  has  been  the  basis  of  a  certain  amount 
of  standardisation. 

The  "Safety  Certificate"  is  issued  by  the  authority  of  the 
Director  of  Safety  Services  and  is  available  to  the  technical  staff 
of  any  establishment  (e.g.  a  filling  factory)  having  to  handle  the 
explosive  certified.  It  contains  a  great  deal  of  information  on 
the  hazards  (not  necessarily  explosive)  associated  with  the  use  and 
storage  of  the  explosive  to  whioh  it  x*efers.  Six  tests  of  sensi¬ 
tivity  are  included,  viz.  impact,  friction,  temperature  of  ignition, 
ease  of  inflammation,  behaviour  on  inflamation  and  sensitivity  to 
electrostatio  discharge.  Of  these  tests  only  the  friction  and 
impact  are  ooemtonly  oarrled  out  in  more  than  one  laboratory  and  as 
a  resiilt  the  effort  on  standardisation  has  bean  confined  to  these 
two  testa. 

The  firiotion  teat  speoifisd  for  safety  certificate  purposes 
is  crude  but  surprisingly  effective.  To  test  for  friction  sensi¬ 
tivity  between  two  materials  the  explosive  is  spread  on  an  anvil 
made  of  one  material  and  struck  a  glancing  blow  with  a  mallet  made 
from  the  other,  the  operation  being  entirely  auinual  and  its 
effioienoy  and  reproduoibility  entirely  dependent  on  the  skill  of 
the  operator.  The  results  are  reported  as  the  number  ol  ignitions 
in  10  trials. 

Several  unsuooessful  attempts  have  been  made  to  oeohanlze 
this  test  or  to  substitute  some  other  less  subjective  test  but  to 
the  present  cine  the  improvement  and  standardization  has  been 
limited  to  the  tools  (l.e.  anvils  and  s^allets)  which  are  drawn  by 
all  laboratories  from  a  common  sou.'Ce. 

The  original  Impact  saohlne  technique  was  worked  out  by 
Dr.  Godfrey  Hotter  in  about  the  year  190S.  In  the  construction  of 
his  machine  he  employed,  as  Indeed  many  laboratories  must  do  to-day, 
materials  readily  to  hand,  in  his  ceise  those  stores  to  be  found  in 
the  Soyal  Arsenal  at  Woolwich.  For  example  the  base  of  the  machine 
consists  of  two  15  inch  proof  shots,  and  the  explosive  is  loaded 
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into  small  brass  oaps  which  were  the  priir«r  caps  for  the  12  pounder 
gun  of  that  day.  As  picric  acid  was  then  the  major  hi^  exploslTe 
he  decided  to  employ  it  as  a  standard  against  which  all  other 
materials  would  be  measured.  He  was  greatly  conoemed  with  the 
probability  that  some  materials  would  only  partially  explode  and 
devised  a  somewhat  complicated  procedure  for  the  computation  of  the 
result  which  depended  on  the  integration  of  the  various  volumes  of 
gas  evolved  from  oaps  of  explosive  struck  at  different  heights. 

Because  the  numerical,  resiilt  produced  by  the  machine  is  larger  for 
lees  sensitive  materials,  the  result,  expressed  as  a  percentage  of 
the  result  for  picric  acid,  was  termed  the  "figure  of  Sensitiveness" 
(or  F.I.). 


This  procedure  lasted  almost  unchanged  until  about  1950  - 
52.  At  about  this  time  at  E.S.D.E.,  Waltham  Abbey  we  satisfied 
ourselves  on  two  points:  1.  For  hi^  explosives  the  volume  of  gas 
evolved  yields  no  aore  informatlMi  than  that  the  shot  has  "fired"  or 
"failed".  2.  Picric  acid  is  a  very  bad  material  to  use  as  a 
standard. 

Zt  is  not  hevever  in  our  tradition  to  make  changes  li^tly, 
and  in  the  minds  of  those  who  have  to  handle  explosives  there  is  a 
firm  pattern  of  "figures  of  insensitlveness"  built  up  over  the  last 
half  century.  We  therefore  retained  the  use  of  piorio  acid  as  a 
primary  standard  but  have  substituted  SDX  for  daily  use;  ve  have 
adopted  the  "Bnoeton  stairease"  determination  of  median  heights  bat 
express  the  result  as  the  ratio  of  the  median  height  of  the  mabstanoe 
under  test  to  the  median  hei^t  of  the  reference  standard,  BDX,  and 
multiply  this  ratio  by  one  hundred  times  the  ratio  of  the  median 
hel^t  of  this  HDl  to  the  median  hei^t  for  piorio  acid,  thus 
obtaining  a  result  numerically  similar  to  (but  aore  precise  than)  the 
F.I. 


It  is  interesting  to  note  that  A.W.R.E.,  working  quite 
independently  of  E.B.D.E.,  arrived  at  the  same  final  aethod,  and 
with  its  adoption  by  A.R.D.E.  and  the  Chemical  Inspectorate  there  is 
now  a  broad  measure  of  agreement  among  the  Qovemment  Sstablislaente 
on  the  actual  method  of  measurement. 

There  are  ei^t  machines  in  use  at  various  eBtablishments 
in  the  U.K.  and  a  number  of  trials  have  been  made  to  compare  the 
data  obtained  by  each.  Table  1  shows  the  kind  of  scatter  obtained. 

It  has  become  clear  that  before  any  useful  standardisation 
waa  possible  the  following  requirements  must  be  met:- 

1.  The  machines  must  be  identical  in  conatruotion. 

2.  The  expendable  machine  parts  (i.e.  the  "tools"}  in  the 
Rotter  machine  the  anvils  and  caps)  nrast  be  drawn  from  a  uniform 
stock  coBBaon  to  all  machines. 
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3<  The  operatiL^  procedure  must  be  identical  in  all  oases. 
For  example,  all  are  agreed  that  a  modified  Bruceton  procedure  is  a 
good  basis  for  the  determination  of  the  median  helg.it,  but  agreement 
has  not  ^et  been  reached  on  the  spacing  of  the  intervfils. 

4.  The  method  of  reporting  the  results  must  be  identical. 

5.  A  reference  standard  explosive  must  be  used,  and  this 
must  be  dravn  from  a  stock  oomoon  to  all  users. 

Table  1 


Median  height  calculated  relative  to  agreed  standard 

Explosive 

HD3 

2Si 

HI 

A.W.R.E. 

Machine 

1 

_ 

Machine 

2 

Machine 

1 

Machine 

2 

B 

Picric  Acid 

129 

132 

110 

91 

106 

RDX/TNT 
Holst on 

105 

104 

103 

88 

119 

RDX/TNT 

Bridgwater 

103 

118 

106 

103 

93 

il6 

PBTN 

69  &  49 

51 

51 

44 

■ 

59 

TNT 

158 

202 

211 

159 

122 

146 

The  value  of  this  standardisation  is  a  fit  subject  for 
disoussioa  Jn  its  ovn  ri^t.  In  this  case  (i.e*  in  the  U.K.)  it  is 
neoesaaxT'  that  certain  explosives  are  tested  batch  bj  batch  and  that 
the  data  are  accepted  b;  several  authorities!  to  hare  value  the 
test  most  be  as  discriminating  as  possible.  If  the  need  is  assumed, 
careful  standardisation  is  essential!  but  it  is  quite  expensive  for 
a  test  as  simple  as  the  ispact  test  and  could  be  prohibitively  so  if 
applied  to  all  testing. 

In  the  Bore  general  case  it  is  necessary  only  that  the 
sensitivity  of  a  new  explosive  is  assigned  to  a  certain  class  and  as 
pointed  out  by  G.F.  StroUo  (1)  there  is  much  virtue  in  testing  any 
new  explosive  by  a  variety  of  tests  even  if  these  are  nominally  of 
the  same  type. 

I.ii  Other  Standard  Test  Methods.  In  the  U.K.  we  have  not  had 
the  widespread  and  diverse  interest  in  liquid  munopropellanta  that 
has  occurred  in  the  7.S.A.  and  there  is  no  equivalent  to  the 
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Afflerioan  "Coamittee  for  Staindardisatlon  of  Monopropellant  Test 
Kethoda".  Extenaive  work  on  liquid  oonopropellant  sensitiTenesa 
has  been  confined  almost  entirely  to  Waltham  Abbey  and  the  question 
of  standardisation  has  not  arisen. 

Three  points  of  contact  with  Aaerioan  work  may  be  notedi 

(a)  At  E.S.D.E*  a  looally  modified  version  of  the  Olin 
Hatheraon  impact  tester  for  liquids  ia  used.  This  appesirs  entirely 
satiafaetory  provided  that  it  is  recognised  that  only  the  risk  of 
initiation  from  adlabatlo  oompresslon  of  occluded  air  is  measured. 

(b)  The  "gap"  test  used  at  E.B.D.E.  for  liquid  propellanta 
is  related  to  the  one  whioh  ia  (or  was)  the  Aaerioan  standard}  but 
has  a  fundamental  difference  in  that  in  the  Aaerioan  pattern  only 
hi|^  order  detonations  are  recognised  as  "fires"  whereas  in  the 
British  test  a  otuoh  lower  order  explosion  is  counted  as  a  positive 
result. 


(e)  Interest  in  Uqaid  oxygen  in  amtsot  with  other 
Bsterlsls  is  centred  mainly  at  Kolia  Boyoe  Ltd.  who  intend  to  use  an 
exact  copy  of  the  DouipAS  Aircraft  Company  impact  aaobine.  (2)  (3) 

1.iii  Future  Extension  of  Standardisation.  Unless  some  central 
authority  iuu  the  power  to  apeoify  exactly  a  method  and  to  enforce 
its  adoption,  standardisation  on  the  lines  followed  by  the  work  on 
the  Hotter  machine  ia  extrwMly  expenslTe  because  of  the  lengthy 
dlsoussions  and  experimental  work  made  neoeasary  by  small  differences 
in  teohnlque  in  the  different  laboratories. 

There  is  however  one  feature  of  the  Better  procedure  that 
is  to  be  coBBended  to  all  laboratories,  and  that  is  the  use  of  a 
reference  material.  Frequently  data  are  reported  solely  (for 
example,  considering  the  impact  machine)  as  drop  heights  and  unless 
the  reader  has  an  intimate  knowledge  of  the  machine  used  he  is 
unable  to  form  any  real  estimate  of  the  sensitivity  of  the  material. 
This  principle  can  be  extended,  within  reason,  to  other  tests  and 
would  form  a  satisfactory  substitute  for  full  stamdardisatlon. 
Basically  the  idea  Is  that  with  any  sensitivity  test  the  data  are 
reported  either  relative  to  some  well  known  standard  explosive |  or 
alternatively,  a  figure  for  this  material  is  reported  with  the  new 
data. 


For  laboratories  that  needed  a  closer  degree  of  standard¬ 
isation,  samples  of  materials  could  be  exchanged,  although  the 
physical  barrier  of  the  Atlantic  will  Impose  an  obvious  llsitation. 

This  scheme  is  not  new,  data  for  several  monopropellants 
have  been  suggested  as  standards  for  the  N.O.L.  gap  test  and 
Technoproducts  (4)  give  n-propylnitrate  as  a  standard  for  their 
liquid  impact  tester.  ^ 
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2.  Effeota  of  Scale  and  Ad  Hoe  Trialsi  It  ia  a  fundaaental 
limitation  of  all  laboratory  teats  of  sensitiveneac  that  they  will 
grade  exploaives  only  in  an  order  defined  by  the  teat,  they  vill  not 
give  any  measure  of  the  absolute  probability  of  an  explosion  in  a 
particular  set  of  circumstances  other  than  those  obtaining  in  the 
actual  test* 

It  frequently  happens  that  a  question  is  posed  in  the 
following  formi  "It  is  intended  to  process  a  large  bulk  of 
propellant  material  (say  5000  lbs)  in  one  batch.  As  the  design  of 
the  buildings  to  house  the  plant  and  the  layout  of  the  explosives 
area  is  affected  by  the  possible  oonsequenoes  of  an  explosion,  will 
the  effects  following  an  ignition  ressablo  those  of  a  detonation  or 
those  of  a  fire?"  This  is  one  of  the  most  important  types  of  ad 
hoc  experiment  and  its  design  poses  a  number  of  difficult  questions. 

If  replicas  are  constructed  of  the  piece  of  plant  in 
question,  for  the  conclusions  to  be  drawn  with  reasonable  confidence, 
either  a  large  number  of  shots  must  be  fired  or  the  stringency  of 
the  conditions  increased  over  those  found  in  the  original. 

As  full  scale  replica  firing  is  extremely  expensive,  use  is 
made  of  reduced  scale  charges.  This  also  calls  for  an  increased 
stringency  to  eoapensete  for  the  smaller  scale.  In  both  fall  and 
reduced  scale  experiments  we  need  to  know  the  effect  of  stringency, 
in  whatever  way  this  is  applied,  (e.g.  confinement)  on  the 
probability  of  an  explosion.  Finally,  as  the  result  is  usually  an 
explosion  intermediate  between  a  detonation  and  a  fire,  some  method 
must  be  devised  to  measure  the  destructive  potential. 

As  yet  no  comprehensive  solution  is  available.  The  method 
adopted  by  E.P.D.E.  in  a  recent  series  of  trials  (16)  on  a  new 
propellant  was  to  lay  on  a  few  trials  in  full  scale  replica  con¬ 
tainers,  supported  by  a  larger  number  In  ViO  scale,  much  stronger 
containers.  In  all  shots  the  blast  output  was  measured  by  canti¬ 
lever  blastffleters.  ¥hen  the  trial  was  fired,  the  blast  from  the 
V'lO  scale  centainers,  because  of  their  greater  strength,  exceeded 
that  from  the  full  so^e  replicas,  but  in  all  eases  the  blast  output 
was  acceptably  low.  In  these  circumstances  the  smaller  shots  were 
hold  to  provide  evidence  supporting  the  larger. 

It  is  thought  that  this  solution  is  unsatisfactory  in  that 
a  definite  result  cannot  be  predicted,  e.g.  the  small  containers 
might  be  made  too  strong  and  give  an  unacceptable  amount  of  blast 
even  when  the  full  scale  ones  did  not;  and  it  is  suggested  that 
systematic  work  on  the  effect  of  scale  is  necessary  before  a  satis¬ 
factory  solution  can  be  found. 

3.  Belation  of  Experimental  Results  and  Explosive  Properties. 

The  field  of  work  in  sensitivity  is  very  wide  and  any  one  laboratory 
can  hope  to  investigate  only  some  of  the  questions. 


CONFIDENTIAL 


6 


CONFIDENTIAL 


thread 


In  the  laist  ten  years  at  EiH.D.E.  we  have  studied  eoae 
aspects  of  the  influence  on  senEitiveness  of  kinetics,  crystal  habit, 
crystal  iaperfeotions  and  the  acoustic  properties  of  explosives. 

3*i  Kinetics.  The  early  work  was  concerned  with  liquid 
propellants,  a  large  part  of  this  was  reported  at  the  second 
detonation  conference  (3)  (6)  (7)  (8).  Liquids  were  chosen  because 
of  their  importance  at  the  time  (1930  -  33)  ft&d  because  they  offered 
freedom  from  the  effects  of  grain,  structure  and  density  variations. 
The  most  important  reason  for  working  with  these  materials  hovever 
was  that  they  permitted  a  new  approach  to  the  application  of  chemical 
kinetics  to  sensitiveness,  viz.  by  the  use  of  the  rate  of  burning  at 
standard  pressures  instead  of  the  rata  of  decoeposition. 

The  overall  conclusion  from  this  work  was  that,  in  a  liquid 
nonopropellant  the  probability  of  an  explosion  was  a  function  of  the 
rate  of  growth  of  the  explosive  reaction  after  initiation,  and  that 
this  could  be  estimated  from  the  rate  of  burning  and  energy  of 
explosion  of  the  explosive  concerned.  It  is  probable  that  this 
correlation  owes  its  existanoe  to  the  elimination  of  all  other 
factors  I  the  acoustic  properties  of  the  liquids  wore  similar, 
crystal  form  and  structure  and  voids  were  absent. 

No  attempt  has  been  made  at  E.5.D.E.  to  find  correlations 
between  oxygen  balance  or  the  kinstios  of  decomposition  and  sensi¬ 
tivity.  nie  most  significant  recent  work  is  that  of  Kamlet  (9) 

(10)  and  Wenograd  (11).  Both  workers  used  the  EEL  machine  with  the 
use  of  added  grit  in  the  form  of  sandpaper.  Under  these  ooaditiona 
an  adequate  supply  of  initiation  centres  are  always  available  and 
the  effects  of  crystal  structure  or  hardness  are  submerged}  the 
correlation  of  sensitivity  measured  under  these  conditions  with  the 
kinetics  of  deconposition  is  reasonable.  It  would  be  interesting 
to  study  ths  effects  of  decomposition  kinetics  or  oxygen  balance 
with  a  "piure"  impact  machine,  (i^e.  one  which  initiates  by  impact 
alone) ,  certainly  neither  the  Setter  nor  the  E.H.L.  fill  this 
requirement  but  an  exciting  new  device  devised  by  Caohia  and  reported 
at  this  conference  may  well  provide  the  necessary  data. 

3.ii  Crystal  Structure.  An  obviously  fruitful  line  of  attack 
into  the  problem  of  the  mechanism  of  initiation  is  to  study  those 
materials  which  show  anomalous  behaviour  rather  than  those  which 
fit  neatly  into  patterns.  One  example  in  the  impact  test  is  the 
differing  sensitivity  of  the  various  polymorphs  of  HMX.  This  was 
investigated  by  Jeffers  at  E.B.D.E.  (12).  He  found  that  the 
greatest  sensitivity  arose  from  what  might  be  termed  "mixed  poly¬ 
morphs",  that  is,  where  crystals  were  in  process  of  transformation; 
and  that  to  some  forms  of  the  impact  test  e.g.  the  so  called 
adiabatic  compression  test,  all  forms  had  a  similar  sensitiveness. 

It  is  possible  that  in  this  case  tne  "nixed  polymorph"  is 
harder  than  the  nornsj.  crystal,  the  apparently  greater  sensitivity 
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oould  then  be  explained  bjr  the  greater  effiolenojr  of  the  impact 
machine  eonaldered  as  a  whole,  i.e.  including  the  explosive.  In 
effect  this  means  that  with  the  harder  orjstal  more  energy  has  been 
extracted  by  the  explosive  from  the  falling  weight  than  with  the 
normal  kind. 

It  might  be  thought  that  impact  and  gap  tests  would  ahow  a 
oorrelation.  Some  data  have  been  determined  at  E.S.D.E.  with  the 
Olin  Katheson  machine  on  liquid  propellants  which  tend  to  support 
this.  The  data  are  too  scanty  for  firm  oonclusions  but  the  gap 
test  used  is  known  to  correlate  with  combustion  processes  (3)  and  in 
the  Olin  Hstheson  machine  the  propellant  is  burned  rather  than 
detonated. 

With  the  gap  tests  used  on  liquid  propellants  ths  criterion 
of  a  ”fire"  was  carefully  chosen  to  be  below  a  full  detonation  as 
the  object  of  the  test  was  the  estimation  of  hazard.  With  hi^ 
explosives  the  gap  test  is  usually  employed  to  meaaure  the  effiolenoy 
of  an  explosive  train  and  a  detonation  is  taken  as  a  criterion  of  a 
"fire".  With  hij^  explosives  in  the  impact  machine  ths  criterion 
is  not  so  well  defined,  it  is  often  violent  and  called  a  detonation 
but  In  fact  may  be  only  a  rapid  burning.  This  difference  must  be 
borne  in  sind  when  comparing  data  arising  from  impact  and  gap  tests. 

We  have  made  an  interesting  study  of  the  effect  of  crystal 
perfection  on  sensitivity  eis  measured  by  gap  and  impact  tests.  Tbs 
material  chosen  was  HDX.  It  had  been  found  that  the  sensitivity  of 
an  RDVTNT  mixture,  to  the  gap  test,  was  controlled  by  the  BDX. 

Two  BSVmr  mixtures  of  similar  nominal  composition  but  with  widely 
differing  sensitivity  to  the  gap  test  were  taken,  the  TNT  and  wax 
extracted  with  benzene  from  eaob  sample  and  reinoorpcrated  with  the 
EDX  from  the  other  sample. 


Table  2 


Material 

3ap  test 

Impact 

Holston  composition  B 

0.083 

115 

Bridgwater  RD^TNI  grade  A 

0.027 

116 

TNT  and  wax  from  Holston  Comp.  B,  HDX  from 
Bridgwater  RDX/TNT  grade  A 

0,027 

119 

TNT  and  wax  from  Bridgwater  grade  A 

RDX  from  Holston  Comp.  5 

0.086 

117 
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Table  2  shows  that  there  Is  no  correlation  between  the  impact  and  the 
gap  test  data  for  these  samples,  and  that  the  gap  test  result  is 
influenced  sharply  by  the  HDX. 

Next  an  attempt  was  made  to  sensitise  the  Bridgwater 
material  to  the  Holston  level.  Impact  results  easily  influenced 
by  the  addition  of  grit  which  provides  initiation  centres,  but  the 
addition  of  either  grit  or  cork  dust  to  the  failed  to  affect 

the  gap  test  sensitivity.  The  moat  interesting  addition  was  that 
of  sensitive  2MX.  The  sensitivity  of  HMX  to  the  impact  teat  varies 

considerably  as  has  been  discussed.  If  ^  HMX  is  heated  to  190^ 
for  two  hours  a  Biixture  ot  a  and  5  is  formed  and  this  material  has 
an  impact  sensitivity  comparable  to  lead  aside.  This  material  was 
made  into  a  60/40  octol  with  TNT  and  then  the  TNT  was  extracted  with 
solvent  and  the  HKX  was  found  to  have  retained  nearly  all  its  hi£^ 
impact  sensitivity,  yet  the  addition  of  of  this  material  to 
Bridgwater  raised  the  critical  gap  to  only  0.031"  and  3.755^ 

raised  it  to  no  more  then  0.03S"  (coetpare  data  in  Table  2).  It 
mi^t  be  expected  that  material  of  trda  character  would,  in  the  gap 
teat,  act  as  nuclei  and  greatly  increase  the  sensitivity  of  the 
charge  as  a  whole,  in  fact  this  is  not  so. 

A  careful  miorocoopio  examination  of  the  various  samples  of 
RDX  available  showed  that  the  more  sensitive  the  RDX/TNT  made  there¬ 
from,  the  greater  the  number  of  miorosoopio  inclusions  in  the  BDX 
crystal.  The  particular  sample  of  Holston  BT};/TIfr  was  particularly 
rich  in  these  inolumions,  presumably  introduced  during  formation  of 
the  crystal  from  the  reaction  mixture  and  preserved  by  reorystallia- 
atloh  by  partial  solution.  A  simple  auth^  was  then  devised  for  the 

addition  of  small  inclusions  to  RSX.  (13)  Tht  proctdure  is  simply 

to  heat  the  BTX  until  a  limited  amount  of  decomposition  occurred. 

The  products  were  then  trapped  in  the  crystal  at  numeroua  points 
throughout  the  crystal  lattice. 


Table  3 


Temperature  and 
Time  of  Beating 
Hours  ®C 

Impact  sensitivity 
of  HDX 

(picric  acid  a  100) 

Density 
of  HDX 
ft/ml 

Gap  test 
60/40  HDX/TNT 

0 

150 

74 

HI 

0.027 

24 

130 

74 

0.042 

72 

130 

72 

0.045 

167 

130 

75 

m 

0.047 

42 

160 

77 

Bi 

0.093 
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The  increase  in  the  nuaber  of  these  inclusions  may  be  varied 
easily  in  a  controlled  manner.  Reference  to  Table  3  shows  that  the 
effect  on  the  gap  test  of  PJJX/TNT  made  from  the  RDX  is  not  paralleled 
by  any  effect  on  the  impact  sensitivity  of  the  RDX  itself. 

This  behaviour  raises  a  nuaber  of  interesting  possibilities 
but  for  the  purposes  of  this  paper  it  will  suffice  to  note  that  it  is 
possible  to  vary  the  sensitivity  of  HDX/TNT  to  the  gap  test  by  modi¬ 
fications  to  the  RDX  ez^stal  which  do  not  affect  its  impact  sensi¬ 
tivity. 


It  then  seemed  pertinent  to  examine  the  behavioiu'  of  RDX 
alone,  and  dn.  particular  the  behaviour  of  single  crystals  of  RDX. 

Dr.  James  Holden  of  N.O.L.  worked  on  this  interesting  study  whilst 
at  E.R.D.B.  (14).  The  crystals  ranged  from  20  -  43  g  in  weight  and 
were  relatively  free  from  intemal  flaws.  The  results  may  be 
summarized  as  follows 

(1)  The  sensitivity  to  shook  of  these  single  crystals  is 
about  equal  to  60/40  RDX/TNT  (i.e.  is  less  than  might  be  thought  for 
pure  RDX) . 

(2)  In  the  majority  of  cases  the  crystals  did  not  detonate 
until  the  shock  had  passed  through  the  crystal  completely  and  they 
then  detonated  ''backwards". 

(3)  The  sensitivity  was  affected  by  the  nature  of  the 
material  in  contact  with  the  crystal,  i.e.  different  results  were 
obtained  if  the  crystal  was  in  contact  with  a  block  of  steel, 
aluminium  or  TNT,  and  the  data  could  not  be  explained  by  the 
different  acoustic  impedenees. 

3.iii  Physical  Properties.  The  experimental  problem  in 
initiation  by  shook  waves  is  to  do  so  with  a  shook  of  accurately 
known  Intensity  and  duration.  The  method  used  at  E.R.D.E.  is  to 
employ  a  discarding  sabot  gun  to  fire  cylindrical  projectiles  at 
the  explosives.  The  projectile  velocity  corresponding  to  a  30% 
probability  of  detonation  is  meaiaured. 

The  pressure  of  the  shock  wave  is  determined  by  the  velocity 
of  the  projectile  and  the  shock  properties  of  the  explosive  and  pro¬ 
jectile.  The  duration  is  determined  by  the  projectile  length.  By 
using  projectiles  cf  different  shock  properties  and  of  different 
lengths  it  Is  possible  to  compute  the  duration  and  pressure  In  the 
pulse  which  will  just  produce  detonation. 

Some  interesting  results  arise  from  this  study.  (15).  It 
was  found  that  for  the  longest  pulses  the  critical  shock  pressure 
was  independant  of  duration.  However  for  each  explosive  there  was 
a  minimum  duration  below  which  the  critical  pressure  was  strongly 
dependant  on  duration.  For  RDX/FWX  83/17  s  critical  duration  of 
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Q,6li  seconds  was  foundi  and  for  pulses  longer  than  this^a  critical 
pressure  of  0,05  megabars. 

The  interesting  aspect  is  this:  if  we  apply  to  tMs 
explosive  a  pressure  of  O.05  oegabars  for  a  duration  of  exactly 
0.6^  seconds  there  will  be  a  30^  probability  of  detonation,  but  at 
the  tine  when  the  pressure  at  the  enti^  face  falls,  because  t'"e  end 
of  the  pxilse  has  now  reached  the  entry  face,  the  shock  front  will 
hai7e  penetrated  for  no  more  than  2  to  3  no  into  the  explosirei  It 
is  a  coimonly  observed  phenoaenon  that  with  shock  waves  of  border** 
line  intensity  the  transition  to  detonation  does  not  occur  at  she 
entry  face  but  at  sosm  distance  into  the  explosive.  It  is 
reasonable  to  aasuae  that  this  happens  in  this  case.  We  therefore 
have  the  cirouostanoe  that  at  the  end  of  0.6u  see.  (in  this 
particular  case)  the  shook  has  started  a  sequence  which  will  lead 
inevitably  to  a  detonation  but  has  not  yet  in  fact  done  so. 

4.  Conclusion.  It  would  be  inappropriate  to  draw  purely 
technical  conclusions  in  a  review  aade  in  a  biased  fashion  and  with*- 
out  reference  to  the  papers  to  be  presented  with  it.  It  appears, 
however,  at  the  present  tise  that  the  interest  in  sensitivity  is 
amch  healthier  than  at  the  time  of  the  last  detonation  conference 
with  aany  sore  laboratories  taking  a  keen  interest  in  these  iaportant 
probleai  and  we  can  look  forward  to  the  future  with  confidence. 

5*  Aekywledgeient.  This  review  would  not  have  been  poesibli . 
without  the  work  of the  author's  colleagues  both  in  E.S.D.E.  and  in 
other  Establishaents  and  grateful  aoknowledgeaent  Is  hereby  sade. 
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ABSTRACT:  Since  Indlvldxial  impact  results  are  not 
closely  reproducible  and  since  such  effects  are  often 
small,  it  has  hitherto  been  impossible  to  determine  the 
effect  on  sensitivity  of  incorporating  a  specific  chemical 
linkage  within  the  structure  of  a  molecule.  It  has  now 
been  found  for  large  classes  of  structurally  related 
compounds  that  impact  errors  tend  to  cancel  out  and  that 
a  plot  of  logarithmic  impact  sensitivity  as  a  fvmction  of 
OB/100  shows  points  distributing  about  a  stral^t  line, 
called  the  "true  trend”  for  the  class  of  compounds  in 
question,  OB/100  is  defined  as  the  number  of  equivalents 
of  oxidant  per  100  g  of  explosive  above  the  amount 
necessary  to  bum  all  C  to  CO  and  all  H  to  H2O. 

For  compounds  containing  a  nitro  ^oup  bound  to 
nitrogen  (nltramlnes,  nltramides)  the  ^true  trend"  is 
described  by 


log  0.02  -  1.58  -  (0.18)  (OB/lOO). 

For  other  polynitroaliphatio  compounds  the  pertinent 
equation  is 

log  h5o^  +  0.02  -  1.76  -  (0.22)  (OB/100). 

Separate  trends  are  also  shown  for  polynitroarcsKitlo 
ooa^unds  whose  sensitivity  varies  to  a  great  degree 
depending  on  vdiether  there  are  hydrogen  atoms  on  a  carbon 
alpha  to  the  ring  and  for  the  surprising  impact  behavior 
of  polynltj:*ostllb0nes. 
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Iheae  relationships  enable  us  for  the  first  time  to 
compare  specific  effects  of  specific  structural  features 
on  sensitivity.  Kixtures  of  explosive  plus  wax  are  shown 
to  be  about  as  sensitive  as  would  be  predicted  from  the 
relevant  "true  trend"  for  pv»re  explosives  at  equivalent 
values  of  OB/100.  Ihus  conventional  "desensitization"  is 
merely  a  process  of  dilution. 

I.  INTRODUCTION 

The  impact  sensitivity  of  an  explosive  varies  to  an 
extent  depending  on  the  operator,  the  preparation  and 
condition  of  the  impact  sample  and  multifold  other,  as  yet 
undetermined,  causes.  Thus  it  is  at  present  possible  to 
distinguish  only  gross  differences  in  sensitivity  between 
structurally  similar  organic  compounds.  The  present  study 
was  undertaken  with  the  purpose  of  establishing  a  rela¬ 
tionship  whereby  we  might  Judge  how  the  impact  sensitivities 
of  a  recently  prepared  series  of  compounds  containing  the 
terminal  fluorodinitromethyl  group  (4b)  compared  with 
other  polynitroaliphatic  compounds  at  similar  levels  of 
"explosive  power."  In  developing  the  relationship  herein 
described  it  soon  became  apparent  that  there  might  be 
ramifications  extending  far  beyond  this  original  limited 
objective. 

In  view  of  the  unreliability  of  individual  impact 
results  it  appeared  that  any  correlation  would  necessarily 
be  based  on  large  numbers  of  impact  sensitivities  deter¬ 
mined  for  related  compounds.  Our  hope  was  that  errors 
wovad  average  out  and  that  a  plot  of  these  data  as  a 
function  of  whatever  pax*ameter  was  chosen  for  coaqpturlson 
would  show  distribution  around  a  "true  trend,"  The  trend 
would  then  serve  as  a  tool  for  predicting  variation  of 
impact  behavior  with  the  chosen  parameter. 

The  parameters  compared  were  logarithm  of  50^  Impaot 
height  as  determined  on  the  ERL  machine  and  Oxidant 
Balance  per  100  grams  of  explosive.  Impact  heights  were 
determined  for  3^/50  sieve  outs  using  T^e  12  tools  on 
sandpaper.  The  other  quantity,  abbreviated  as  05/100,  is 
defined  as  the  number  of  equivalents  of  oxidant  per  100  g 
of  compound  above  the  amount  r  cessary  to  bum  all  hydro¬ 
gen  to  water  and  all  carbon  to  carbon  monoxide. 

In  calculating  05/100  an  atom  of  oxygen  represents  two 
equivalents  of  oxidant  per  mole,  an  atom  of  fluorine  one 
equivalent.  Hydrogen  represents  one  equivalent  of  reduc- 
tant,  carbon  two  equ-t  valents.  Since  carboxyl  groups  are 
considered  as  "dead-weight",  two  equivalents  of  oxidant 
per  mole  are  subtracted  for  each  such  group  in  the 
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moleouJLe.  For  compounds  containing  only  carbon^  hydrogen, 
nitrogen  and  oxygen,  the  applicable  equation  Is 


OE/100 


100  {2  no  -  nn  -  2  nc  -  2  n(.coo-)) 

Mol.  Wt, 


where  Hq,  n^  and  uq  represent  the  number  of  atoms  of 
oxygen,  hydrogen  and  carbon  In  the  molecule  and  n(_coo-) 
the  number  of  carboxyl  groups.  For  compounds  balanced 
to  the  carbon  monoxide  level,  OB/100  »  0.  Above  the  CO 
level,  OB/100  has  a  positive  sign,  below  the  00  level  a 
negative  sign. 

II.  POLYHITROALIPHATIC  COMPOUNDS  (l) 

An  attempt  was  made  to  eliminate  the  possibility 
that  preformed  prejudices  might  influence  the  choice  of 
examples.  Ihe^irst  one  hundred  oompomds  encountered  in 
a  search  of  the  periodic  NavOrd  Reports  listing  sensitivi¬ 
ties  of  explosive  samples  received  by  the  Explosives  iTopertles 
Division  (2)  duriz^g  the  period  1  January  1950  to  1  November 
1956  were  taken.  Ihe  following  criteria  were  then  set  for 
inclusion:  Ihe  compound  was  solid  at  room  toiipei^ture, 
contained  no  heteroaromatic  ring,  contained  no  acetylenic 
or  azldo  groups  and  was  not  a  salt.  Of  the  original 
hundred,  seventy-eight  met  all  criteria. 

These  compounds,  divided  into  categories  according 
to  structure,  are  listed  in  Table  I.  Listed  also  for  each 
is  the  molecular  formula,  molecular  weight,  oxidant  balance 
per  mole,  0^/100  and  impact  sensitivity.  A  plot  of  OB/100 
vx.  impact  sensitivity  for  these  compounds  is  given  in 
PlgTU?e  1. 

A  first  glance  at  this  figure  in  which  no  distinction 
is  made  between  types  of  compounds  shows  the  expected 
general  increase  in  impact  height  with  increasing  OB/100. 

Ihe  bemd  within  which  all  compounds  fall  is  quite  broad 
with  impacts  ranging  from  5  to  16  cm  at  OB/ICX)  ■  +3.0, 
from  11  to  72  cm  at  OB/100  -  +0,30  and  from  3^  to  220  cm 
at  OB/100  B  -  1,25.  Closer  inspection  of  the  plot, 
however,  shows  several  areas  of  regularity. 

Categories  1-5,  Nitramines  and  Nltramides  # 

These  compounds,  which  share  the  common  property 
that  each  has  at  least  one  nitro  group  attached  directly 
to  nitrogen,  almost  uniformly  show  lower  impact  values  than 
the  other  polynltroaliphatlcs  at  equivalent  values  of 
OB/100.  It  appears,  indeed,  that  points  for  the  compounds 
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FIG.  I  IMPACT  SENSITIVITY  AS  A  FUNCTION  OF  OB/lOO,  ALIPHATIC 

COMPOUNDS 
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in  these  five  categories,  represented  by  fllled-in  circles 
on  the  plot,  show  the  hoped-for  statistical  distribution 
about  a  straight  line  relating  OB/100  with  the  logarithm 
of  the  impact  height. 

Since  it  would  be  overly  precise  to  attempt  a  least- 
squares  treatment  based  on  measurements  as  inexact  as 
these,  we  have  by  inspection  delineated  an  area  within 
which  it  is  expected  a  least-sqiiares  line  would  fall  and 
whose  width  at  any  impact  height  is  equal  to  10^  of  that 
height.  Dlls  area,  hereafter  called  the  "true  trend  for 
N-nitro  compounds,  may  be  described  by  the  approximation 

log  I.  S.  +  0.02  -  1.38  -  (0.J.8)(0B/100) 
where  I.  S.  represents  the  30^  impact  height. 

Of  the  foz^-five  nitraolno  and  nltraaldo  compounds, 
fifteen  fall  in  the  area  of  the  "true  trend",  sa  addi¬ 
tional  seventeen  within  10^  of  the  area  eufid  an  additional 
seven  within  between  10  and  >0^^  of  the  area.  Of  the  other 
six,  none  Is  more  than  30^  off  the  value  predicted  by  the 
"true  trend."  Since  TOT.  a  standard  for  impact  determi¬ 
nations,  has  shown  impact  values  ranging  from  below  100  to 
230  oa,  and  considering  that  for  a  period  of  over  three 
months  Impact  sensitivities  of  TOT  consistently  ran 
between  20  and  40^  hl£d^,  the  distribution  Is  as  good  as 
could  be  hoped  for  If  the  relationship  claimed  is  truly  a 
fact  of  nature. 

An  attempt  was  made  to  determine  whether  within  the 
overall  classification  "H-nitz*o  compounds"  there  was  any 
preferred  concentration  of  points  above  or  below  the  "true 
trend"  ao cording  to  structure,  TOe  five  Individual  cate¬ 
gories  comprising  the  group  each  show  aore-or-less  random 
distribution  as  do  categories  based  on  the  number  of 
nltramino  grot^s  In  the  sMleoule  or  molecular  weight, 

Ihere  is  a  alifd^t  tendency  for  oospounds  containing 
"dead  weight"  carboxyl  groups  to  fall  above  the  "true 
trend"  and  for  primary  nltramlnes  to  fall  below. 

Categories  6  and  7.  'nylnitromethyl  C^BPOunds  O 

Points  for  these  two  classes,  represented  by  empty 
circles  in  Figure  1,  also  distribute  about  a  straight  line 
relating  the  logiirlthm  of  Impact  sensitivity  with  OB/100. 

A  "true  trend"  for  polynltroallphatlo  compounds  based  on 
these  points  is  anoim  in  the  pioc  and  may  be  described  by 

log  I.  S.  +  0.02  -  1,76  -  (0.22)(OB/100). 
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Of  the  twenty-eight  compounds,  eight  fall  i-n  the  area  of 
the  "true  trend",  an  additional  thirteen  within  lOjt,  fo\ir 
within  between  10  and  JOJ^  and  three  within  between  JO  and 
60^. 


At  OB/100  ■  +  2,0  this  "true  trend"  predicts  an 
impact  height  twice  that  of  the  N-nitro  "true  trend";  at 
OB/100  a  -  2.0,  impact  heights  are  th'^e  times  as  great. 

The  qviestion  of  why  polynitroaliphatios  and  N-nitro  com¬ 
pounds  follow  separate  trends  is  discussed  separately  (1) 
as  is  the  suggestion  that  lower  heats  of  formation  and 
higher  heats  of  detonation  of  N-nitro  compounds  cause 
lower  impact  heights  at  equivalent  values  of  OB/100.  It  is 
meanwhile  instructive  to  consider  two  pairs  of  compounds, 
structurally  identical  with  the  exception  that  in  each 
case  a  nitz4mino  group  replaces  a  gem-dinitro.  Tie-lines 


between  the  compounds  considered  afS^drawn  in  Figure 

1. 

No. 

Compound  (X  ■  NOg) 

OB/100 

Heat 
of  Det. 
Cal/g 

Impact 

Sensi¬ 

tivity 

66 

CH5CX2CH2CH2COOCH2CX3 

-0.28 

1035 

70 

23 

CH5NXCH2CH2COOCH2CX5 

-0.97 

970' 

55 

72 

GX5CH2OOCCH2CH2CX2CH2CH2COOCH2CX5 

^.55 

1113 

68 

29 

CX3CH2OOCCH2OH2NXOH2CH2COOOH2OX5 

0.0 

1065 

29 

la  each  instance  the  nltraalno  compound  has  a  lower  value 
of  OB/100  and  a  lower  calculated  heat  of  detonation  but  is 
still  much  more  sensitive. 

Category  8,  gem-Dlnitro  Compounds  ^ 

Compounds  77  and  78  lie  well  above  the  "true  trend"  for 
polynitroaliphatio  compounds  while  with  compounds,  74,  75 
and  76  the  points  fall  much  lower.  The  last  three  share 
in  common  the  fact  that  each  has  a  gem-dinitro  group  in  a 
position  alpha  or  beta  to  another  secondary  nitro  linkage 
and  it  may  be'  that" this  is  a  sterioally  unfavorable  situ¬ 
ation  as  far  as  impact  sensitivity  is  concerned.  This 
seems  borne  out  by  the  fact  that  compounds  and  7J  of 
Category  7  which  contain  this  structural  feature  also 
exhibit  the  same  behavior. 
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III.  POLY2IITROAROMATIC  COMPOUNDS 

With  the  nltroallphatlc  compounds  discussed  above, 
the  division  Into  two  major  classes,  depending  on  whether 
the  compound  had  a  nltro  group  attached  directly  to  nitro¬ 
gen,  was  made  by  first  plottl^  all  available  data,  then 
ascertaining  from  an  examination  of  the  plot  the  particulan 
structural  feature  which  appeared  to  Impart  greater  sensi¬ 
tivity,  With  polynitroaronatlo  compounds  (including 
mixed  nltroaliphatlcs-nltroaromatics),  an  a  priori  reason 
existed  for  a  division  into  two  main  oategorles  and  an 
examination  of  the  plot  showed  the  existence  of  an  inter¬ 
esting  third  category. 

Daoons,  Karalot  and  Sickman  (5)  had  used  ohromato- 
graphlo  techniques  to  isolate  some  of  the  initial  thermal 
decomposition  products  of  INT  and  had  identified  asxjng 
these  the  oxidized  derivatives  trinltrobenzyl  alcohol, 
trinltrobenzaldehyi  .e  and  dinitroanthranil  together  with 
reduced  derivatives  which  appeared  to  be  the  isomeric 
tetranltroazoxytolusnes  and  azotoluenes.  Ihese  results 
implied  that  the  initial  steps  in  this  thermal  decomposi¬ 
tion  involved  oxidative  attack  on  the  methyl  group  by  nitro 
groups  in  the  same  or  neighboring  molecules.  Coupled  with 
Daoons'  observation  (6)  that  trinitrobenzene,  hexanitro- 
blphenyl  and  nonanitroterphenyl  show  very  much  greater 
thermal  stability  both  as  solids  or  In  solution  than  INT 
and  hexanltrobibenzyl,  these  findings  indicated  that  poly- 
nltroaromatio  orii^unds  deoosqpose  by  different  meohanlsas 
depending  on  whether  or  not  thei^e  Is  an  aliphatic  residue 
containing  a  hydrogen  atom  on  the  carbon  attached  directly 
to  the  ring,  Ihls  furnished  an  excellent  preliminary  basis 
for  categorizing  the  polynitroaromatios , 

Data  for  these  compounds  are  listed  In  Table  XI  and 
plotted  in  Figures  2  and  3, 

Category  9.  Nitroaromatlos  with  m  Hydrogen  on  alpha 

oar^n  n 

The  twenty  three  members  of  this  class,  which  jnoludss 
polynltroarylamlnes,  polynltrophenols,  allqrl  polynltroaryl 
ethers,  pclynltroali^l  polynitrobenzoates  and  other  poly- 
nltrobenzolo  acid  derivatives  are  represented  by  open 
circles  in  Figure  2.  Although  the  scatter  is  somewhat 
greater  than  is  the  oase  vrlth  the  allphatlcs,  these  oom- 
pounds  similarly  appear  to  follow  a  trend  which  may  be 
described  approximately  by 

log  I.  3.  ;►  0.02  -  1.74  -  (0.28)(0B/100). 
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IKPACT  3SI3ITIVITy  AMD  OB/100  OP  aUXCTKD  rCTHOAROKATIC  UPLOSIVIS 
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SENSITIVITY  AS  A  FUNCTION  OF  OB/lOO, 
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Of  the  oompounds  In  this  broad  category^  seven  fall  within 
the  area  of  the  "true  trend eight  within  10^  and  two 
between  10  and  while  six  fall  rather  badly  out  of 
line.  Since  it  ie  unlikely  that  these  oospounde  all 
deooapose  by  slallar  seohanleasi  the  "spread"  Is  not  sur¬ 
prising.  It  is  pex^iuips  noteworthy  that  of  the  six  com¬ 
pounds  which  fall  badjyr  out  of  line,  the  increased 
sensitivity  of  two  (numbers  87  and  101)  may  be  explained 
on  the  basis  of  intramolecular  crowding  similar  to  that 
which  li^rts  greater  sensitivity  in  the  nltroaliphatlc 
series  where  g«^-dlnitro  groups  are  alpha  or  beta  to  other 
secondary  nitro  linkages.  Ihe  decreased  sensitivities  of 
98  and  9b  are  also  not  surprising  since  with  each  cojqpound 
two  of  the  six  oxygens  az*e  phenolic  rather  than  nitro. 

Category  10.  Nltroaroaatlos  with  37drogen  on 
albKa  "C&rbo'nl -  - 

Ihe  greater  sensitivity  of  this  category  (filled 
circles  in  Figure  2)  relative  to  category  9  Is  readily 
evident  from  an  inspection  of  the  plot.  Of  nine  oompounds 
m  this  olassj  six  follow  closely  the  trend 

log  I.  S.  +  0.02  -  1.38  -  (0.25)(0B/100), 

while  two  are  8O-605S  low  and  one  (trinitro-n-oresol.  No,  110) 
is  150^  hi^..  No  explsunation  can  yet  be  offered  for  the 
anomolous  behavior  of  compound  110  which  has  been  repeated 
in  a  sufficient  number  of  impact  determinations  to  con¬ 
vince  os  that  it  is  real. 

Category  11.  Polynltrostilbenes  0 

l}ata  for  six  polynltrostilbenes  (Nos,  111-116)  and 
2,4,6-trlnltrostyrene  (No.  117 )  are  plotted  in  Flffore  3. 
Altbou(di  theca  compounds  conform  with  the  definition 
offered  for  category  10,  it  is  apparent  that  as  n  class 
they  are  unifozsly  more  aensitive.  2,4,6-irinitro8tllbene 
(No.  116),  with  three  nitro  groups  for  fourteen  carbon 
atoms,  is  perhaps  the  poorest  explosive  yet  to  register  on 
the  NOL  ia^ct  machine.  The  r^&arkable  eeneitivity  of 
this  class  may  be  due  to  the  close  proximity  of  the  nitro 
group  to  the  readily  oxidizable  C>C  linkage. 
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IV.  IWO- COMPONENT  MIXTURES 

In  oonsiderlng  the  senaltlTlty  of  pure  compounds  one 
has  to  contend  only  with  the  vagaries  of  the  Impact 
machine.  With  more  than  one  component  there  Is  the  addi¬ 
tional  complication  that  the  method  of  mixing  Is  also 
suspect.  One  never  whether  the  mg  sample  taken 

for  the  individual  shot  fairly  represents  the  overall  com¬ 
position  of  the  aggregate.  Tbifortunately,  such  j^enomena 
as  segregation  and  clustering  appear  to  be  the  rule  rather 
than  the  exception. 

Since  systemic  errors  In  multi- components  systems  are 
more  to  be  expected  than  with  single  compounds,  we  have 
been  more  selective  In  the  choice  of  examples  for  consider¬ 
ation.  We  have  confined  ourselves  to  pairs  for  which  large 
nwibers  of  measurements  are  available  and  for  which  results 
taken  over  a  span  of  years  by  a  number  of  workers  show  a 
measure  of  agreement.  Ihe  data  have,  as  before,  been 
taken  from  the  periodic  NavOrd  Repoz^s  of  the  Explosives 
Properties  EtLTislon  covering  the  Interval  1  Jantmry  1930  to 
1  November  1956  (2). 

Explosive  Pina  Explosive 

Plots  of  logarithmic  Impact  heights  as  functions 

of  QB/lOO  are  shown  In  Figure  4  for  mixtures  of  RZS  with 
TST  and  with  bls-dmitropropyl  fumarate  (£HPF).  in  both 
cases  the  polHs  distribute  about  straight  lines  connecting 
the  logarithmic  liqpact  heists  of  the  individual  components. 
Probably  the  most  reliable  of  the  points  on  the  plot  is 
that  for  Coa^aition  B  at  OB/1^  ■  -  1.50.  Althou^^  not 
strictly  a  two-component  system  since  it  contains  1^  wax, 
it  seems  significant  that  the  accepted  Impact  sensitivity 
of  60-65  cm  agrees  well  with  the  62  cm  predicted  if  the 
linear  z>elationahlp  should  apply. 

Other  explosive  pairs,  for  which  It  appears  that 
mixtures  show  logarithmic  Impact  heights  between  those  of 
the  individual  components  and  for  which  a  similar  linear 
relationship  with  03/100  may  hold.  Involve  REK-TNETB, 
RDX-BTNEU  and  HMX-BTNEN.  With  these  pairs  the  amount  of 
data  available  Is  sufficient  only  for  the  qualitative 
observation. 

Without  further  experimental  results  any  conclusions 
must  be  tentative  and  it  can  only  be  expressed  as  an 
opinion  that  where  mixing  is  ideal,  the  logarithmic  Impact 
sensitivity  of  a  mixture  of  explosive  plus  explosive  is  a 
llneau*  function  of  the  composition  of  that  mixture. 

It  should  be  noted  that  the  frequently  made  qualitative 


CONFIDENTIAL 


27 


IMPACT  trMSITIVITV  CCM) 


CONFIDENTIAL 


Kamlet 


FIG, 4  IMPACT  SENSITIVITIES  OF  RDX-TNT  AND  RDX-DNPF 
MIXTURES  AS  FUNCTIONS  OF  OB/lOO 
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observation  that  the  sensitivity  of  a  mlxtijre  approaches 
more  closely  that  of  the  more  sensitive  component  Is  not  In 
conflict  with  the  above  opinion.  A  linear  relationship 
with  logarithmic  heights  would  on  a  non- logarithmic  basis 
have  this  as  a  necessary  consequence*. 

Explosive  Plus  Vax 

Because  of  their  differing  i^slcal  properties, 
segregation  and  oluaterlng  are  even  more  to  be  expected 
with  mixtures  of  explosive  plus  wax.  It  is  disconcerting 
but  not  surprising  to  find  presumably  the  same  RIS-wax 
composition  shooting st  heights  ranging  from  25  on  to 
250  cm.  Of  the  multitude  of  data  collected  for  explosive- 
wax  mixttu^es  only  a  single  value  may  be  considered  as 
reliable  and  this  only  over  a  range. 

Based  on  an  average  of  tens  of  thousands  of  shots,  Com¬ 
position  A  (91<  RlS-9^  wax)  has  an  laq;>aot  sensitivity  of 
70-75  cm.  0^/100  for  this  mixture  Is  -2. 53**.  At  an 
equivalent  value  of  OB/100  a  pure  explosive, -If  It  fol¬ 
lowed  the  "true  trend for  N-nitro  compounds,  would  be 
predicted  to  have  an  impact  sensitivity  of  67-73 

Additional  data  for  this  and  other  proportions  of 
RIS  and  Stanollnd  wax  are  plotted  In  Figure  5.  It  can  be 
seen  that  for  ooi^}osltlons  ranging  from  2  to  15^  wax 
there  is  an  approximately  equal  distribution  of  points 
above  and  below  the  "true  trend"  (solid  lines). 

Also  plotted  In  Figure  3  are  data  for  TNETE  - 
Stanollnd  wax  mixtures  at  compositions  from  1  to  15^  wax 
together  with  the  "true  trend"  for  polynltroaliphatic  com¬ 
pounds.  Here  It  appears  that  if  a  least-squares  line 
should  be  drawn  through  these  points  the  line  would  closely 
parallel  the  "true  trend"  for  this  class  of  compounds. 

♦  Note  added  in  proof:  li  has  recently  come  to  our  atten¬ 
tion  that  a  BlAllar  linear  relationship  between  composition 
and  logarithmic  impact  heights  of  lUS-FETN  mixtures  as 
measured  on  the  51L  machine.  "Design  Ho.  3",  was  des¬ 
cribed  fifteen  years  sigo  (3) . 

**  In  the  calculations  waxes  are  considered  to  be 
mainly  polymethylene,  OB/100  ■  -  28,6 
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FIG.  5  "DESENSITIZATION"  OF  RDX  AND  TNETB  WITH 
STANOLIND  WAX 
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If  the  point  A  represents  an  explosive  oonpound  and  the 
broken  line  X-Y  the  "true  trend^'  of  the  olass  into  which 
that  compound  falls,  the  arrow  A-C  describes  the  behavior 
of  both  RHX  and  TNETB  on  addition  of  wax.  Ihls  effect  is 
one  of  dilution,  not  desensltlzatlon.  me  same  result 
was  obtained  on  adding  methylene  groups  In  the  fonu  of  a 
wax  coating  on  the  explosive  crystal  as  would  be  pre¬ 
dicted  had  the  same  quantity  of  methylene  groups  been 
incorporated  within  the  structure  of  the  molecule. 

True  desensltlzatlon  would  Imply  the  behavior 
described  by  the  arrow  A-B.  me  decrease  in  sensitivity 
on  coating  crystal  surfaces  with  wax  would  be  greater  than 
that  anticipated  simply  by  dilution.  Many  oases  of  A-B 
behavior  have  been  reported,  but  none  has  ever  been  repro¬ 
duced  and  it  appears  that  in  conventional  "desensltlKatlon'^ 
It  has  never  truly  occurred.  If  It  had,  the  composition 
would  probably  now  be  In  service  use. 

Behavior  described  by  the  arrow  A-D  has  also  often 
been  reported.  It  Is  a  necessary  consequence  of  segre¬ 
gation  that  If  A-C  represents  Ideal  behavior  and  If  one 
portion  of  a  mixture  follows  A-B  behavior,  another  portion 
will  follow  A-D. 

It  Is  our  belief  that  the  impact  sensitivity  of  an 
explosive  on  "desensltlzatlon"  approaches  that  anticipated 
on  dilution  as  mixing  and  sampling  approach  Ideality. 

While  the  validity  of  all  other  evidence  Ir  suspect,  the 
value  for  Composition  A  seems  unassailable  and  strongly 
supports  this  belief. 
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CONCLUSIONS 

A  number  of  ooncluslons  may  be  drawn  from  this  study. 

If  oorreot,  they  support  recommendations  on  future  research 
and  development  In  the  field  of  explosive  chemistry. 

(1)  Nitramines  are  more  sensitive  than  other  poly- 
nitroaliphatio  compounds  at  eauivalent  values  of  OB/100 
and  at  equivalent  heats  of  detonation.  Ihe  N-nltro 
linlcage  appears  to  be  a  built-in  sensitizing  group.  It  is 
perhaps  unfortunate  that  of  the  three  compounds  most 
commonly  used  in  explosive  chemistry,  RI2X,  tetryl  and  TNT, 
two  are  of  this  class.  In  the  further  ssmthesia  of  new 
high  explosives  and  propellants,  the  N-nitro  linkage  should 
be  avoided.  Conversely,  at  every  value  of  0^100,  poly- 
nitroaliphatio  oompounda  not  containing  the  N-nltro  linkage 
are  less  sensitive  than  pure  explosives  and  explosive  com¬ 
positions  now  in  use, 

(2)  For  separate  classes  of  explosive  ooiq>ounds 
there  are  linear  relationships  between  logarithmic  impact 
heights  and  OB/100.  Ihese  relationships  have  a  number  of 
potential  uses. 

(2-a)  One  can  predict  the  sensitivity  of  a  compound 
prior  to  making  it.  This  furnishes  a  preliminary  indi¬ 
cation  of  how  the  compound  should  be  handled. 

(2-b)  Che  can  determine  whether  within  a  class  addi¬ 
tional  structural  features  tend  to  sensitize  or  desensitize. 
Fluorodlnitromethyl  compounds,  for  example,  appear  quite 
promising  as  a  groi^  because  their  impact  sensitivities 
generally  fall  above  the  "true  trend"  for  polynltro- 
allphatios  (4).  Conversely,  compounds  with  the  gem- 
dlnltro  linkage  alpha  or  beta  to  a  secondary  nitre  group 
appear  not  to  be  promising  because  Impacts  fall  well 
below  the  "true  trend." 

(^)  With  ideal  mixing  the  Impact  sensitivity  of 
explosive  plus  wax  is  that  predicted  at  an  equivalent 
value  of  OB/100  by  the  "true  trend"  of  the  class  into 
which  that  explosive  falls.  Conventional  "desensltizatlon" 
appears  merely  to  be  a  process  of  dilution.  If  this  be  the 
case,  why  "desensitize^?  The  same  result  may  be  achieved 
by  incorporating  the  same  quantity  of  methylene  groves 
within  the  structure  of  the  explosive  molecule,  l,e,, 
"tailor-making"  a  molecule  with  the  same  value  of  OB/100 
as  explosive  plus  wax.  A  number  of  advantages  result. 

Problems  of  segregation,  stratification,  preferential 
exudation,  sampling,  etc.  are  eliminated.  Batch  to  batch 
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reproduolblllty  is  much  easier.  In  "desensitizing"  RISC 
we  must  build  around  the  i^sloal  oharaoterlstios  of  this 
ooBq^undj  in  tailor-making  we  can  ohoose  between  many 
possible  sets  of  i^sloal  properties  since  a  wide  variety 
of  compounds  is  potentially  available  at  any  value  of 
OB/100  desired. 

NOTE  ygT.T.t  In  recommending  against  "desensitlzatlon" 
we  confine  ourselves  to  the  conventional  method  of  coating 
explosive  crystals  with  wax.  Work  oxirrently  being  done  on 
desensitization  by  solution  is  promising  and  may  offset 
many  of  the  arguments  made  here. 
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IntroduQtloa 

la  &  ooBpllatlcti  of  the  iapaot  sensitivities  of  a  variety  of 
primary  and  seooadary  explosives,  Arthur  D.  Little,  Ino.  (l)  noted  an 
apparent  oorrelatioe  of  the  Figure  of  Ineensitlvenees  (vhioh  is  a 
aeasure  of  impact  sensitivity)  vlth  ca^gan  balance*  The  ’'correlation” 
vae  not  eubjected  to  a  statistical  test  nor  was  its  theoretical  Justi¬ 
fication  explored*  More  recently,  ^dth  Bowden's  and  Ioffe's  (2)  hot 
spot  theory  of  ia^t  initiation  as  a  basis,  Wenograd  (3)  decftonstrated 
the  existence  ot  a  oorrelaticc  between  the  impact  sensitivities  of 
seoondary  CHHO  explosiTes  and  their  extrapolated  rates  of  thermal  de- 
oomposition  at  Having  attributed  the  thermal  deooaqposlticm 

rate  to  ease  of  breaking  of  weakest  bend  in  a  molecule,  Eanlet  (4) 
reasoned  that  for  groupe  of  structurally  related  explosives  containing 
the  weak  C^tro  or  Kf-nitro  bonds  Mie  should  find  a  relationship  be¬ 
tween  the  rate  of  decoB^slticn  and  oxygen  balance*  (The  latter  is 
obviously  a  funotion  of  the  number  of  C-nitro  and  N-nitro  bends  in  the 
molecule*)  C^equently,  impact  sensitivity,  too,  should  correlate 
with  oxygen  balance* 

Hamlet's  investigation  of  seme  eighty-four  explosive  ooic- 
pounda  has,  in  fact,  substantiated  this  notion;  in  particular,  the 
logarithmio  impact  heights  corresponding  to  5C»  probability  of  ex¬ 
plosion  were  found  to  vary  in  an  inverse  linear  manner  with  increasing 
oxidant  balance,  where  the  latter  is  defined  as  the  number  of  equiva¬ 
lents  of  oxidant  per  100  gms  of  oempound  above  the  amount  necessary  to 
bum  all  hydrogen  to  water  and  all  carbon  to  carbon  monoxide. 

Since  some  of  the  raedfi cat Ions  (4)  of  these  and  related 
findings  are  reportedly  of  great  consequence  to  the  military,  it  was 
deemed  desirable  1)  to  search  for  a  similar  correlation  among  an  in¬ 
dependent  set  of  impact  sensitivity  data  and  2)  to  test  the  extent  of 
the  correlation,  if  any. 
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Cofflparlaon  of  Impact  Tests 

The  data  which  will  be  analyzed  in  this  report  ' onsist  of 
the  British  Figures  of  Insensitivaness  (FI)  which  are  compiled  in  the 
aforementioned  Referenoe  1  and  are  also  available  in  the  convenient 
form  of  IBM  punched  cards  (5)*»  The  FI  Index  is  defined  as  the  rela¬ 
tive  area  under  the  per  oe^  gas  evolved  versus  iapaot  height  curve 
based  on  piorio  acid  as  the  standard*  It  is  determined  by  meaxis  of 
the  Rotter  ia^ot  machine  (7)  in  which  a  brass  cap  containing  a  known 
volume  of  explosive  la  acted  upon  by  a  falling  weight  and  the  extent 
of  the  ensuing  evolution  of  gas  ie  taken  as  a  aeasure  of  esplosion 
probability*  Four  repeat  runs  at  each  of  five  or  six  drop  heights 
generally  constitute  the  raw  data  for  earh  explosive  whence  the  FI 
value  is  obtained* 


The  data  which  served  as  a  basis  for  the  analyses  of 
Wenograd  and  Eamletj  however,  were  obtained  by  means  of  the  ERL  is^ot 
machine  (B)  employing  Type  12  tools  on  sandpaper*  Here  the  BBJsple  is, 
relatively  speaking,  unoonfined  and  the  occurrence  of  an  explosion  is 
neutered  on  a  noise  meter  (9)*  Generally,  50  trials  are  carried  out 
near  the  50^  explosion  height  in  accordance  with  the  AMF  ”up  and  down" 
method  (10)* 

Owing  to  the  relatively  low  statistical  uncertainty  surround¬ 
ing  the  50^  explosion  height  and  the  greater  number  of  trials  es^cyed, 
the  IMP  test  procedure  is,  no  doubt,  capable  of  yielding  acre  reliable 
relative  iapaot  sensltivitiee  than  the  British  procedure  (U)*  Ac¬ 
cordingly,  British  investigators  (12)  have  in  recent  years  largely 
abMidoned  their  traditicnal  test  procedure  in  favor  of  the  "up  and 
down"  method,  while  still  retain!^  the  basic  features  of  the  Rotter 
mohine*  The  newer  results  are,  however,  quite  liadted  in  quantity* 
Thus,  in  order  to  provide  the  ensuing  oorr^tion  study  with  the 
broadest  possible  base,  it  was  decided  to  exploit  the  older,  more 
ocaplete  set  of  FI  data* 

Oxygen  Balanoee 

Two  types  of  ocygen  balances  are  considered  as  correlation 
parameters  in  the  present  study. 


One  is  the  familiar  weight  per  cent  ocQrgen  balance  to  COj 
and  K2O  which  la  a  measure  of  the  relative  weight  of  co^^gen  in  d»> 
fiolenoy  or  excess  of  what  is  required  to  burn  all  oarb^  to  carbon 
dioxide  and  all  hydrogen  to  water*  For  CHNO  ooispounds  the  aj^lioable 
equation  is  „ 

OB  B  100  (No  -  -  2No) 


JV 

H 


100  HDB 

16 


(1) 


♦Footnote »  A  catalog  (6)  >Moh  has  Waaa  prepared  fr-oa  the  card  file 
also  contains  all  the  data  reported  here  but  in  less  con¬ 
venient  form* 
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where  No,  Nh  and  Nc  are  the  nuaber  of  atoms  of  caygen,  hydrogen  and 
carbon,  respeotively,  in  the  noleciule,  is  the  ratio  of  tfie  molecu¬ 
lar  weight  to  the  atosdo  weight  of  oxygen  and  HOB  is  the  molar  oxygen 
balance  to  CO2  and  K20a  It  should  be  noted  tl^t  the  main  difference 
between  Equation  1  and  Kamlet's  expression  for  oxidant  balance  resides 
in  the  difference  between  the  CO  and  CO2  reference  levels  of  combustion. 
In  essence,  however,  they  measure  the  same  quantity  which  is  the  rela¬ 
tive  amount  of  oxygen  in  the  explosive. 

Another  expression  for  oxygen  balance  has  recently  been  in¬ 
troduced  by  Martin  and  lallop  (13)  for  the  purpose  of  differentiating 
among  oxygen  atoms  which,  an  the  one  hand,  are  either  completely  or 
only  partially  available  for  oombustion  of  the  fuel  elements  to  CO2  and 
HgO  and,  on  the  other  hand,  are  altogether  imavailable.  Thus  oxygen 
atoms  attached  to  a  nitrogen  which  is  loosely  linked  with  either  a 
carbon  or  another  nitrogen  as  in  the  plosophorlcr^^  nitro  and  nitranrine 
groups,  re^jeerbively,  are  ocmpletely  available  for  confixistlonj  oxygens 
which  link  the  nitrate  group  to  a  oarbon  atom  are  only  partially  avail¬ 
able  for  further  oooibusticnj  finally,  oo^gens  which  occur  in  the  auxo- 
plosivB*  keto,  carbonyl,  hydroxyl  or  ether  groups  are  essentially 
unavailable.  For  CHNO  explosives  this  modified  oxygen  balance  takes 
the  form 

ObI  -  100  (MDB  -  w)  (2) 

n 

where  n  is  the  nunijer  of  at«ns  in  the  molecule  and  w**  is  a  factor 
wttLoh  corrects  for  the  extent  of  "non-availability”  of  certain  oaygen 
atoms.  In  particular,  the  values****  of  v  employed  in  the  calculation 


■igootnotei  For  a  definiticn  of  the  terms  primary  plosophorio  and 
secondary  plosophorio  and  auxoploslve  see  Reference  1. 

•iHgootnotei  In  Martin's  and  lallop* s  paper  w  is  preceded  by  £  which 
si^fies  that  when  ICB  is  poeitive  w  is  positive  and  when  HOB 
is  negative  w  is  negative.  Presumably,  the  authors  anticipated 
that  the  "trend”  of  increasing  detonation  velocity  with  increasing 
oxygen  balance  would  reverse  Itself  at  a  negative  oxygen  balance 
near  zero  owing  perimps  to  an  increasing  degree  of  disassociation 
of  COg  and  HgO  followed  by  dilution  of  the  detonation  energy  by 
the  presence  of  excess  caygen. 

In  the  prerant  study,  however,  one  would  expect  impact 
sensitivity  to  increase  aonotosically  with  increasing  oxygen  balance 
so  long  as  the  ojygen  is  carried  by  plosophorio  as  contrasted  with 
auxoploslve  groups.  The  effect  of  auxoplosive  oxygen  should,  as  a 
result,  always  be  subtracted  in  Equation  2* 

^^^•Footnote: 

These  values  are  taken  directly  from  Reference  13. 
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of  OB^  in  this  paper  are  the  follovdngt 

Nature  of  Oxygen  Lintrage  w 
0  (N  =  0)  0 

0  (C-O-N)  1 

0  (C  e  0)  1.8 

0  (C-O-H)  2.2 


Besides  the  appearance  of  w  in  the  expression  for  OB^j  a 
seoceid  feature  which  differentiates  between  OB  and  is  that  the 

fonaer  is  a  weight  ratio  whereas  the  latter  is  an  atom  ratio.  It 
will  be  later  shown,  however,  that  this  does  not  materially  affect  the 
correlation  with  FI. 

From  Kamlet^s  investigaticn,  one  infers  that  ic^ot  sensi¬ 
tivity  increases  with  oxygen  balance  provided  the  caygen  is  associated 
with  weak  linkages  as,  for  exsu^e,  the  C-^tro  and  0-nitramine  bonds. 
The  more  firmly  bound  auxoploslve  groups  bearing  o:^gen,  however,  can¬ 
not  be  expected  to  wntribote  to  the  iigjaot  sensitivity  of  the  parent 
compound.  Thus,  OB^  should  be  superior  to  CB  as  a  correlation  para¬ 
meter.  As  a  result,  an  attempt  is  made  to  ascertain  whether  this  is 
borne  out  by  the  data. 

Criteria  for  Selecticai  of  ConuoundB 

Compouais  were  selected  in  accordance  with  the  following 

criteria J 


a.  They  mst  be  - 

(1)  CHNO  secondary  explosives  ooctaining  the  primary 
plosophoric  groups,  nitro  and  nltraaine,  (ocoporodB  ooctaining,  for 
exanple,  the  primary  plosophoric  nitrate  group  or  the  secondary  ploso- 
Idioric  groups  -  azide,  diazo,  peroxide,  acetylenic,  etc.  were  ex¬ 
cluded  from  this  study). 

(2)  Solids  at  ro<an  tenperature 

b.  They  must  not  be  - 

(1)  Organic  or  inorganic  salts. 

(2)  PolyiiBric  substances. 

Results 


Forty-eight  con^xrunds  were  found  to  satisfy  the  above  re¬ 
quirements*  In  Figures  1  and  2  FI  is  plotted  versus  OB  and  o:^, 
respectively.  Each  symbol  represents  a  compound  in  one  of  five  con¬ 
veniently  chosen  structure  classificationsi  vi.t?,  aromatic  nitro  A  , 
aliphatic  nitro  0  ,  open  chain  nltrarri na  Q  ,  nltraoine  containing 
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ring  nitrogens  O’  and  heteroaromatic  nitraaine  X  •  The  number 
adjacent  to  each  symbol  is  a  code  designation  of  the  ccai^xyund  which 
is  identical  vdth  that  found  in  References  1,  5  and  6,  whence  the 
data  vfere  extracted.  Table  1  enables  one  to  identify  the  ccsnpound 
names  corresi»nd±ng  to  -^heir  code  serial  numbers,  the  latter  being 
’ Laued  in  Table  nurarioal  sequence  under  the  appropriate  struo 


In  view  of  the  l“r"bls  sprea_  "'f  the  points  in  both 
Figures  1  and  2,  a  simple  linear  Gorreialion  vis  t  *  * 

approximation  between  both  FI  and  OB  and  FI  and  OBI,  A  least-squares 
treatment  was  then  applied  to  the  points.  This  yielded  the  follovdng 
analytical  expressions  for  the  lines  representing  the  points  in 
Figures  1  and  2,  respeotivelyi 


PJ,  (^  38)  =  52  -  0,79  OB 

(3) 

and 

for  -100  ^  CB  --9 

P.I,  (^  35)  =  43  -  1.3  OB^ 

(4) 

for  -69  -  OB^  ^  -7 

The  parenthetic  number  in  each  of  the  abere  equations  repre¬ 
sents  a  value  which  is  tvd.ee  the  (adjusted)  standard  deviation  of  tte 
differences  betvreen  the  actual  FI  corresponding  to  a  given  OB  or  OB^ 
and  the  estimated  FI.  This  value  vdzLoh  is  known  to  statisticians  as 
2x  the  standard  error  of  estimate  (i.e.  2  C")  implies  that  at  least 
95^  of  all  the  points  should  fall  vdthln  two  lines  drawn  above  and  be- 
lovr  the  lines  represented  by  Equations  3  and  4  of  vertical  distances 
38  and  35  units  from  it,  respectively  (see  Figures  1  and  Z).  Further¬ 
more,  these  equations  must  not  be  extrapolated  beyond  the  Indicated 
ranges  of  validity  of  the  independent  variable. 

Of  particular  importance  is  the  (adjusted)  correlation  co¬ 
efficient  which  has  been  determined  for  each  of  the  above  graphs. 

This  coefficient  (12)  measures  the  proportion  of  the  vacation  in  FI 
vdich  is  associated  with  the  independent  variable.  It  may  vary  between 
0  and  1,  0  repiresenting  no  correlatloi  and  1  perfect  correlation.  The 
particular  (adjusted)  correlation  ooeffloients  for  the  data  in  Figures 
1  and  2  arc  O.o?  and  0.74,  resMotively.  Application  of  Fisher's 
statistical  techniques  (l5,  16)  to  these  values  indicates  that  corre¬ 
sponding  to  95^  confidence,  1)  a  correlation  exists  between  FI  and  OB 
to  the  extent  that  at  least  27^  of  the  variance  in  FI  c^  be  associ¬ 
ated  with  OB,  2)  a  correlation  exists  between  FI  and  OB^  to  the  extent 
that  at  least  37^  of  the  variance  in  FI  can  be  associated  with  OBI, 
and  3)  while  OB^  gives  a  sanewhat  better  correlaticn  than  OB  there  is 
insufficient  evidence  to  indicate  that  this  ingsroveaent  is  significant. 

It  should  be  noted  that  of  the  forty-sight  explosives  in¬ 
cluded  in  this  study  only  fifteen  contained  oxygen-bearing  auxoplosive 
groups  such  as  ether,  hydroxyl,  carboxyl,  keto,  etc.  These  are  label¬ 
led  in  Table  1  by  means  of  an  asterisk.  The  remaining  thirty-three 
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(jompounds  carry  oxygen  only  in  the  form  of  the  plosophorio  nitro  or 
tdtrajntne  groups.  The  correction  factor  w  for  these  explosives  is 
therefore  fiero.  Thus,  OB^  differs  from  CB  only  in  the  change  of  the 
denominator  in  Equations  1  and  2  from  ^  to  n*  In  view  of  the  insigni¬ 
ficantly  small  increase  in  correlation^joefficient  associated  with 
the  conversion  OB  -»  03l  it  was  thought  that  perhaps  some  of  the 
efficiency  of  OB^  was  lost  due  to  the  change  in  denominator  from  M 
to  n.  Accordingly,  the  data  of  the  thirty-three  pure  plosophores'^® 
were  analyzed,  as  before,  using  both  OB  and  03^  as  independent  vari¬ 
ables.  A  decrease  in  correlation  coefficient  from  .76  corresponding 
to  OB  to  ,71  corresponding  to  03^  was  indeed  observed;  however,  no 
"Igniflranae  can  he  attached  to  this  small  difference.  This,  there¬ 
fore,  confirms  the  previous  conclusion  tijct,  irisofar  as  the  present 
study  is  concerned,  both  OB  and  OB^  are  equally  well  suited  as  oor- 
I’elatlon  parameters. 

Diaeuetiion  of  Results 


The  principal  outecine  of  the  present  investigation  is  that 
the  figures  of  Insenaitiveness  of  solid,  secondary  CHNO  ejqslosives  in 
the  rdtro  and  nit  ranine  category  can  be  correlated  with  oxygen  balance. 
That  this  coiTelation  is  unambiguously  established  (by  statistical 
meaLns)  is,  in  a  sense,  surprising  when  cce  considers  that  many  factors 
other  than  oxygen  balance  could  conceivably  affect  relative  isgaaot 
sensitivity.  To  name  bitt  a  few,  consider  such  factors  as  the  vari¬ 
ation  in  OTer-all  physical  and  surface  condition  among  sasqsles  of  the 
saias  or  different  explosives,  uncontrollable  variations  in  environ¬ 
mental  caiditicms  and,  above  all,  the  variation  in  ohemioal  structure 
among  explosives  of  identical  or  nearly  identical  oxygen  balance.  It 
is  highly  improbable  that  we  are  dealing  with  a  fortuitous  phenomenon, 
particularly  since  Kamlet  has  already  demonstrated  the  existence  of  a 
correlation  betvreen  iagsaot  sensitivity  and  oxygen  balance  on  the  basis 
of  an  entirely  different  set  of  data.  Moreover,  as  was  discussed 
earlier,  the  basic  hypothesis  is  not  without  some  theeretioal  justi¬ 
fication.  The  results,  therefore,  strongly  suggest  that  oxygen 
balance  is  certainly  an  important  factor,  among  undoubtedly  others, 
affecting  the  relative  impact  sensitivity  of  en  explosive. 

Figures  1  and  2  reveal  at  a  glance  that,  contrary  to  Kamlet’s 
findings,  the  nitro  and  niti^mine  compounds  do  not  distribute  about 
separate  regiression  lines.  Presumably,  the  resolving  power  of  the 
figure  of  insensitiveness  is  impaired  by  the  error  surrounding  its 
determination  which  is  omdoubtedly  greater  than  that  of  the  50^ 
explosion  height,  5y  the  same  token,  the  failure  of  OB^  to  perform 
significantly  better  as  a  correlation  parameter  than  CB  might  be 
similarly  explained.  The  situation  naturally  demands  tliat  as  the 
new  British  impact  data  become  available  in  sufficient  quantity  they 
be  subjected  to  the  same  analysis  as  carried  out  here  on  the  older 
British  data. 
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THE  ELEC  TRIG -SPARK  INITIATION  OP  MIXTURES  OF 
HIGH  EXPLOSIVES  AND  POWDERED  ELECTRICAL  CONDUCTORS 


T,  P*  Llddlard^  Jr^  and  B.  E,  Drlmmer 
U,  S,  Naval  Ordnanoa  Laboratory- 
Silver  Spring,  Maryland 


The  initiation  by  an  eleotrlo  spark  and  the  sub- 
seguent  build-up  to  detonation  in  a  pure,  povrdered  high 
explosive,  suoh  as  PETN  or  RDX,  requires  considerable 
energy,  typically  amounting  to  several  joules.  Little 
experimental  data  have  been  reported  on  the  events  occur¬ 
ring  within  the  first  0.1  mlcroaec  or  so  after  the 
establishment  of  a  spark  within  the  explosive  powder. 
Initiation  may  occur,  but  this  does  not  necessarily  mean 
that  build-up  to  full  detonation  will  result.  The  steps 
leading  to  suoh  full  detonation  can  be  listed  in  the 
following  order?  l)  the  Initiation  of  chemical  reaction 
within  a  localized  reglonj  2)  the  simultaneous  increase 
in  the  dlraenaions  of  this  region,  and  an  increase  in  the 
burning  rate  due  primarily  to  an  increase  In  the  local 
pressure;  3)  transition  from  rapid  burning  into  a  low- 
velocity  detonation  due  to  an  accumulation  of  small  shocks; 
and  4)  rapid  acceleration  to  high-velocity  steady-state 
detonation  = 

The  minimum  spark  energy  required  to  produce  deto¬ 
nation  in  high  explosives  depends  on  such  things  as  the 
Inherent  sensitivity  of  the  explosive  to  sparks,  the 
circuit  parameters,  the  explosive  particle-size  distri¬ 
bution,  the  form,  habit  and  uniformity  of  the  explosive 
crystals,  and  finally,  the  density  of  loading.  As  has 
been  found  elsewhere  with  primers  made  conductive  with 
graphite,  we  have  found  that  the  minimum  electric  energy 
needed  to  produce  detonation  in  high  explosives  Is  greatly 
reduced  by  adding  a  few  per  cent  of  aluminum  powder. 

The  effects  of  adding  aluminum  are,  in  general, 
manifested  in  several  v:ays;  a)  the  spark  is  established 
at  a  lov/er  voltage;  b)  the  spark  break-dov,'n  time  for  a 
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given  voltage  is  greatly  reduced  and  is  more  reproducible] 
o)  the  threshold  voltage  for  initiation  is  lowered  consid¬ 
erably]  and  d)  the  rate  of  build-up  to  detonation  is 
increased.  Of  many  additives  tested  at  the  Naval  Ordnance 
Laboratoryi  only  a  f ine  -  flake  aluminum  would  substantially 
produce  all  of  the  above  effects.  For  a  fine  PvDX  powder 
(20  microns  average  particle  size:  all  less  thian  44  mi¬ 
crons)  >  3  per  cent  aluminum  by  weight  is  about  optimum  for 
producing  these  effects.  The  size  and  shape  of  the  alu¬ 
minum  particles  are  important.  The  aluminum  used  in  these 
experiments  (Alcoa  No*  422)  was  composed  of  flakes  that 
passed  throu^  a  325-aesh  soreeni  about  0,3  micron  thick 
with  an  average  diameter  of  about  10  microns.  Spherical 
particles  of  roughly  the  same  mass  distribution  were 
significantly  less  efficient  than  this  flake  variety. 

We  have  taken  detailed  smear-camera  photographs  of 
the  phenomena  occurring  during  the  build-up  to  detonation 
in  several  high-explosive  powders^  both  with  and  without 
the  addition  of  aluminum.  A  typical  example  is  shown  in 
Figure  1.  The  explosive,  RDX/Al(97/3) *  was  completely 
confined  by  Plexiglas  to  the  shape  of  a  thin  circular 
wafer,  4  mm  thick  and  23  mm  in  diameter.  The  loading 
density  was  0.8  g/om3.  (This  was  the  usual  loading  den¬ 
sity,  except  where  the  effect  of  density  change  was 
studied.  In  general,  for  a  given  explosive  mixture  in  this 
experimental  arrangement  initiation  became  increasingly 
difficult  as  the  density  increased  beyond  about  half  of 
the  theoretical  maximum  density,  As  a  matter  of  fact, 
charges  with  densities  above  1.0  g/om3  were  not  reliably 
detonated  with  the  circuit  conditions  described  below.) 
Aluminum-foil  electrodes,  O.03  mm  thick  by  2.5  mm  wide 
with  30  degree  taper,  typically  forming  a  0,3  to  0,0-mm 
gap,  were  pressed  between  the  explosive  and  the  Plexiglas 
cover.  The  slit  of  the  smeGU*  camera  was  aligned  through 
the  middle  of  the  spark  gap,  perpendicular  to  the  line 
Joining  the  electrode  tips,  as  In  Figure  1,  For  much  of 
the  study,  the  energy  to  the  spark  was  supplied  by  a 
1.0  mfd  capacitor,  charged  to  5  kv  and  discharged  through 
a  7.6-meter  long  30-ohm  coaxial  cable  (Figure  2).  The 
initial  rate  of  rise  of  the  current  (P-A,  the  capacitor 
voltage  divided  by  the  circuit  inductance)  was  determined 
to  be  2200  amp/mlcrosec.  The  peak  current  was  2300  amp, 
reached  in  2.0  microsec. 

The  instantaneous  power  and  accumulated  energy  in 
the  spark  within  the  explosive  mixture  have  been  deter¬ 
mined  for  the  condition  used  in  the  example  (Figure  3), 

The  resistance  of  the  spark,  after  the  first  0.1  microsec 
or  so,  was  considered  to  be  fairly  constant.  (Our 
measurements  were  consistent  with  spark  resistance  values 
ranging  from  0,15  to  0,20  ohm,  or  about  one-fifth  of  the 
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Figure  3.  Power  and  energy  of  a  spark  within  a 
typical  conductive  mix  as  a  function  of  time. 
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total  circuit  resistance.)  As  a  consequence  the  power 
input  into  the  spark  (I^r)  follows  the  general  shape  of 
the  current  curve.  On  the  other  hand,  the  energy  Is 
absorbed  by  the  spark  rather  slowly:  in  one  microsecond j 
less  than  2  per  cent  of  the  capacitor  energy  has  been 
absorbed,  and  only  some  7  per  cent  after  2  microseconds. 

As  will  be  seen  shortly,,  by  the  end  of  2  microseconds  the 
chemical  energy  from  the  reacting  explosive  appeaj’s  to 
have  taken  over  as  the  driving  force. 

The  build-up  to  detonation  (distance-time  curve) 
for  RDX/Al(97/3)  la  shown  In  Figure  4,  A  corresponding 
plot  for  PETW/Al(97/3)  la  also  Included,  (The  explosive 
particle  size  In  both  cases  was  less  than  44  microns.) 
Velocity-distance  curves,  obtained  from  slopes  of  the 
curves  In  Figure  4,  are  given  In  Figure  5.  Note  that  the 
Initial  velocity  Is  about  800  m/sec  for  both  mixes;  the 
build-up  of  velocity  In  the  RDX/Al  powder  Increases  slowly 
for  a  radial  distance  of  about  3,5  mm,  and  then  acceler¬ 
ates  rapidly.  The  PETN/Al(97/3)  shows  no  such  region  of 
gradual  acceleration.  Instead  It  begins  Immediately  to 
accelerate  rapidly.  However,  similar  teats  of  mixes  con¬ 
taining  coarser  PETV  do  show  such  a  region  of  slow  accel¬ 
eration.  (Possibly  the  dominant  reason  for  FETN  exhibiting 
a  faster  build-up  than  PDX,  for  comparable  particle  size, 
la  that  the  PEm  crystals  have  a  greater  surface  area 
than  the  RDX  or'yatala.  Not  only  are  PETN  crystals  rather 
elongated,  but  they  also  seem  to  contain  large  axial 
cavities.  In  contrast,  the  RDX  crystals  are  nearly  spher¬ 
ical  and  free  of  observable  voids.) 

The  first  wave  appearing  within  the  explosive,  af¬ 
ter  spark  break-down,  appears  to  be  a  weak,  essentially 
Bon-lumlnous  shook.  This  was  clearly  observed,  (Fig¬ 
ure  6)  when  we  placed  a  strip  of  aluminized  Mylar  film 
on  the  outer  surface  of  the  Plexiglas,  over  the  region 
of  the  spark.  Ibis  film  served  two  purposes:  l)  It 
allowed  enough  light  from  the  brilliant  spark  to  pass 
through,  making  observable  the  expansion  of  the  spark 
column;  2)  it  reflected  light  back  to  the  Plexiglas- 
explosive  interface,  where,  on  reflection  again.  It  made 
observable  the  presence  of  a  weak  shook  within  the  explo¬ 
sive  powder,  (This  shock  caused  modifications  In  the 
reflectivity  of  the  Plexiglas  surface,  at  the  Interface, 
recorded  by  the  camera:  Figure  6,)  The  weak  shock, 
originating  with  the  establishment  of  the  spark,  appears 
to  be  maintained  by  that  spark,  plus,  perhaps,  by  a  series 
of  weak  reaction  waves.  This,  In  turn.  Is  overtaken  by  a 
much  stronger  reaction  wave.  The  spark  column  Itself 
appears  to  behave  as  an  expanding  cylinder  of  Intensely- 
heated  "plasma'’.  When  detonation  falls  to  develop,  the 
spark  column  continues  to  expand,  as  shown  In  Figure  7> 
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Figure  4«  Re-plot  of  data  taken  directly  fr«n  amear- 
oamera  photographs,  showing  the  build-up  to  detonation 
of  RDX/Al(97/3)  and  PETN/Al(97/3) . 


CONFIDENTIAL 


54 


CONFIDENTIAL 


Liddiard,  Drimmer 


Dlstanea (mffl) 


CONFIDENTIAL 


Liddiard,  Drimmer 


10  ^ 


10 


0  Tlme(Bloroseo)  5 


Figure  6.  Smear-camera  record  obtained  as  In 
Figure  1,  except  that  a  narrow  strip  of  alumi¬ 
nized  Mylar  film  was  placed  on  exterior  of 
Plexiglas,  (See  Figure  4,  curve  for  RDX/Al, 
for  explanatory  diagram.) 
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Figure  7.  Continued  expansion  of  spark  In  PETN  when 
no  ohenilcal  reaction  Is  observed. 


CONFIDENTIAL 


57 


Liddtard,  Drlmmer 

CONFIDENTIAL 

lo  pure  PETN,  When  build-up  occurs,  as  in  Figure  8  for 
PETN/Al(97/3) I  expansion  of  the  spark  Is  greatly  re¬ 
stricted  by  the  pressure  generated  by  the  reaction  prod¬ 
ucts. 


In  one  aeries  of  tests  a  higher-voltage  pulslng- 
olrouit  was  used  to  study  the  effect  on  the  build-up  to 
detonation,  of  higher  rates  of  energy  input  to  the  spark. 
The  energy  from  this  generator  (labelled  "B",  to  distin¬ 
guish  It  from  generator  A,  described  above)  was  obtained 
from  a  0,1-mfd  capacitor,  charged  to  10  kv.  This  gave  a 
maximum  current  of  4900  amp,  measured  without  spark  load, 
reached  In  0,29  mloroseo.  IJie  initial  rate  of  rise  was 
28,600  amp/mioroseo.  (Contrary  to  the  behavior  of  pulse 
generator  A,  which  used  a  unl-dlreotlonal  switch,  this  one 
oscillated  with  resonant  frequency,  because  a  spark  switch 
was  used.)  This  olrouit  (generator  B)  produced  high-order 
detonation  in  both  pure  PETN  and  in  pure  RDX,  whereas  the 
other  circuit  (generator  A)  did  not,  (This  undersoores 
our  earlier  statement  that  the  minimum  energy  required  to 
cause  detonation  is  dependent  on  the  circuit  parameterst 
note  that  the  energy  stored  in  the  capacitors  of  gener¬ 
ator  A  (12.5  Joules)  is  greater  than  that  in  generator  B 
(10,0  Joules)),  A  comparison  Is  made  In  Figure  9  of  the 
detonation  build-up  curves  for  PETO/Al  and  for  RDX/Al 
mixtures,  using  generators  A  and  B.  It  is  seen  that  a 
substantial  increase  in  the  rate  of  build-up  to  detonation 
Is  produced  by  using  generator  B,  Note  that  PETN  still 
preserves  a  considerable  superiority  over  RDX  In  Its  rate 
of  build-up. 

Using  generator  E,  a  study  was  made  of  the  effect 
of  adding  fine-flake  aluminum  to  finely-divided  RDX  and 
PETN  powders  (density  ■  0,8  g/cm3),  ime  detonation  build¬ 
up  curves  are  shown  in  Figure  10,  The  increase  In  the 
rate  of  build-up  over  that  of  the  pure  explosive  Is  most 
pronounced  In  the  HDX/Al  (5*7/3)  mixture;  only  a  slight 
Increase  was  obtained  In  the  oorraspondlng  FETN/AI  mixture. 

In  summary,  the  Initiation  and  build-up  to  deto¬ 
nation  of  high-explosive  powders,  such  as  PETN  and  RDX, 
by  electric  sparks  Is,  in  general,  enhanced  by  the  addition 
of  a  few  per  cent  of  fine-flake  aluminum.  Many  faoters 
affect  the  degree  of  enhancement.  In  addition  to  the  fac¬ 
tors  described  above  there  were  a  number  of  variations 
studied  which  can  only  be  mentioned  In  passing: changes  In 
explosive -aluminum  ratio;  density  variations  In  the  range 
from  0,5  to  1.3  s/cm3;  explosive  particle  size  an'’  shape; 
aluminum  particle  size  and  shape;  explosive  composition 
(e.g,  tetryl,  HMX,  DATE);  and  the  electrode  configuration. 
Details  of  these  studies  may  be  found  In  KAVWEPS  Report 
6915*  now  In  preparation. 
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Figure  8.  Restrloted  expansion  of  spark  In  FETN/Al 
(97/3)  when  ohemlosl  reaction  occurs,  /For  Figures 
7  and  explosive  density  was  0,8  g/om3;  spark 
generation  with  5  1^*  1  mfd.) 
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Figure  9.  influence  of  circuit  parameters  on  detonation 
bulld-up.  Pulse  generator  A:5,0  kv,  1.0  mfd,  E/L-2200 
amp/mlcroseo.  Pulse  generator  B;1C.0  kv,  0.1  mfd, 
E/1<«28^6oo  amp/mlcroseo. 
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Figure  10.  Influence  of  addition  of  tluralnum  on 
detonation  bulld-up  of  RDX  and  PETN,  Initiated  by 
sparks  (generator  B), 
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It  is  possible  that  In  sone  of  the  tests  made 
during  this  Investigation,  failure  to  detonate  was  due 
to  an  absence  of  the  ability  to  propagate  through  the 
porous  explosive  mass,  and  not  due  to  a  failure  to 
Initiate.  This  report  covers  some  penetration  into  this 
region  of  difficult  observation,  however,  much  still 
remains  to  be  done  to  explain  fully  the  mechanism  of 
electric  spark-lnltlatlon  and  build-up  to  detonation, 
especially  within  the  first  0,1  mlcrosec  or  so  after  spark 
formation. 

The  authors  wish  to  thank  James  Schneider  for  his 
excellent,  painstaking  execution;  of  most  of  the  experi¬ 
ments  cited  above.  The  as'lstanee  of  James  Counlhan  In 
preparing  mivny  electronic  oompoaenta  Is  gratefully 
acknowledged.  Many  stimulating  dlsousslons  with  S.  J, 
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Livermore,  California 


This  paper  is  intended  to  review  the  equations  of  state  and 
calculation  techniques  used  by  the  Atomic  Energy  Commission  installa¬ 
tions  for  calculating  high  explosive  detonations.  I  should  like  to 
point  out  that  we  sure  first  of  all  interested  in  calculating  explo¬ 
sively  driven  plate  systems  and  only  include  the  physics  descriptions 
into  the  HE  that  help  us  correctly  describe  what  is  happening  inside 
the  plates  being  driven  by  the  HE.  This  paper  is  divided  into  two 
parts : 


I.  HE  Equation  of  State 
II.  calculation  of  Detonations 

Most  of  the  forms  of  the  equation  of  state  and  the  reference  to  arti¬ 
cles  that  will  be  discussed  are  neatly  summarized  in  Dr.  Sigmund 
Jacob's  articles  in  the  American  Rocket  Society  Journal  of  February 
19^0,  so  I  will  not  review  in  detail  here. 

PART  I 

A.  For  the  past  few  years  the  Lawrence  Radiation  Laboratory  has 
used  the  results  of  R.  Cowan  and  V.  Fickett  work  on  the  Kistiakovsky- 
Vilson  equation  of  state  for  Comp  B  and  cyclotol.  These  results  have 
worked  quite  well  in  calculating  HE  driven  systems.  The  least  square 
fit  that  we  made  to  the  Cowan-Fiokett  data  gave  an  effective  gamma 
around  the  C-J  point  of  2.78  for  Comp  B  and  2.85  for  cyclotol.  The 
gammas  changed  to  2.k  and  2.5  respectively  at  expansions  of  about  5 
from  the  C-J  point.  Since  the  results  were  very  much  like  the  gamma 
lav  equation  of  state,  in  the  2-dlmensional  calculations  of  detona¬ 
tions  ve  used  a  constant  gamma  lav  equation  as  it  took  less  machine 
time  to  calculate.  Later,  the  work  of  W.  E.  Deal  shoved  that  this  was 
a  very  good  description. 

B.  Los  Alamos  Scientific  Laboratory  uses  in  their  detonation 
calculations  the  constant  beta  equation  derived  by  W.  Fickett  and 
W.  W.  Wood  which  uses  the  experimental  res'ults  of  Deal.  The  form 
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looks  like  this: 


p  =  .  E 

V  y 

The  adiahats  for  this  equation  are  the  saae  as  those  for  a  ganca  law 
equation. 

C.  The  British  use  a  fora  somewhat  like  the  Jones  form: 

„  ?V 


a 


-  A  P- 


a  a 


and  was  developed  by  H.  H.  Pike  and  E.  R.  Woodcock.  This  equation 
also  nas  (^aoma  law  adiabats. 

D.  The  French  Aocnic  Energy  cnntBission  group  working  on  explo¬ 
sives  uses  the  Paterson  equation  of  state  with  a  correction  tera  for 
long  range  noleoular  forces.  The  lack  of  a  description  for  nolscular 
interaction  was  sue  of  the  objections  to  this  form  raised  by  Cowan  and 
Pickett  in  their  paper  on  the  Kistiakowsky-Wilson  equation  of  state. 

E.  The  LASL  and  British  forms  give  the  sane  adiabats  as  a 
ganma  law  equation  however,  for  the  over  driven  case  ot-  when  the  HE 
is  shocked  beyond  the  C-J  point,  the  adiabats  will  start  from  differ¬ 
ent  points  and  will  deliver  less  energy  than  a  simple  gamma  law 
equation.  I  do  not  know  of  any  experimental  data  for  over-driven  HE 
that  could  check  the  calculated  parameters. 

In  l-dimensional  geometry  like  the  following; 


3C  cm  0.5  cm  =  O.515  om/iisec 

detonate^  J  eyclotol  ]  Al]  after  I5  cm  free  run 

the  calculated  and  experimental  value  of  the  velocity  agreod  to  less 
than  1^.  However,  the  HE  volume  at  the  end  of  the  free  run  has  only 
expanded  to  about  three  times  its  reference  volume,  so  it  t'orns  out 
that  as  far  as  calculated  l-dltsensiooPl  RE  plate  assemblies  are  con¬ 
cerned  gamma  lav  equations  are  very  good  since  the  accelerations  are 
over  before  the  HE  reaches  an  expansion  where  the  gamma  has  changed 
very  much  from  its  value  at  the  C-J  point.  So  this  is  not  a  good  way 
to  examine  the  equation  of  state  for  large  expansions. 

However,  in  celculating  H-dlmensional  detonations  where  there 
are  strong  rarefactions  as  for  example  a  slab  of  HE  detonating  along  a 
piece  of  metal,  the  geometry  of  a  lens, 


detonate' 


HE 


Al 


one  is  faced  with  the  problem  of  calculating  the  metal  acceleration 
from  expanded  gases.  For  some  time  we  have  found  that  for  expansion 
of  the  order  of  J  we  must  allow  the  gamma  to  drop  sharply  to  a  low  val¬ 
ue,  like  1.5  in  order  to  correctly  calculate  the  system.  (See  Figure 
on  page  3)  This  was  also  found  to  be  required  to  correctly  oalculate 
a  l-dinensional  plate  that  was  accelerated  by  HE  that  had  expanded 
into  a  void  before  driving  the  plate. 


Unclassified 


64 


UTi’CLASSIFTZD 


Wilkins 


V 

detonate 

HE 

0 

d 

If  the  HE  were  in  contact  with  the  plate  we  cculd  correctly  calc ilate 
its  position  titte  history  with  the  equation  of  state  mentioned  ‘oefore. 
However,  the  void  allows  the  HE  to  expand  to  volumes  three  to  foiur 
times  the  reference  volume  and  the  calculations  do  not  agree  using  a 
constant  gamma  equation  of  state.  When  an  equation  of  state,  with  a 
variable  7  was  used  we  were  able  to  get,  once  again,  very  close 
agreement  with  the  experiment. 


7? 


2.5  7.5  V 


The  French  are  doing  some  HE  work  with  RDX  where  the 
effective  7  changes  sharply  from  3  to  about  1.7  at  expansions  of  3 
(Memorial  des  poudre  195?;  Totce  XLl) ,  the  reference  applies  to  TNT, 
however  the  authors  informed  me  they  got  similar  results  with  RDX. 

A  reasonable  assumption  is  that  more  energy  is  being  released  in  the 
cooler  gases  behind  the  C-J  point.  This  could  account  for  why  the 
experiment  and  calculation  agree  when  the  7  is  allowed  to  change. 


PART  II 

A.  The  Lawrence  Radiation  Laboratory  uses  the  "q"  method  of 

Von  Neumann  and  Riohtoeyer  to  calculate  hydrodynamic  problems  on  the 
high  speed  computer.  The  method  is  used  in  l-dimensional  and  2- 
dimensional  hydro  problems  in  both  Lagrange  and  Eulerian  coordinates. 

To  calculate  a  detonation  we  introduce  a  parameter  f  which 
multiplies  the  pressure. 

II  _  ^  ^  V  = 

dt  ~  dt  P 


in  difference  form  this  becomes: 


f'"*  = 

6=1 


as  V  goes  from  . 

u-o 

f  goes  from  C  1  and  is  set  equal  co  one  from  then  cn. 

This  allo'ws  us  to  get  from  the  unbuu'ned  state,  with  the 
relative  volume  equal  tc  one  and  the  energy  in  the  material  equal  to 
the  available  chemical  energ;/,  to  the  C-J  point. 
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The  EE  will  b'orn  over  the  same  number  of  zones  ‘■,hat  the 
"q"  la  acting  on  (about  3-4  zones) . 

The  method  also  works  in  the  over-driven  case. 

Several  years  ago  ve  used  the  method  of  charaoterietica  to 
burn  HE,  but  the  burn  fraction  method  is  much  simpler  and  can  give 
Just  as  good  results. 

The  burn  fraction  method  also  works  in  Eulerian  coordinates. 

Where : 


3.  LASL  uses  a  sharp  shock  imJthod  to  burn  HE  in  1-D.  This 

gives  a  sharper  burn  front  than  the  burn  fraction  method  can  give. 

C.  The  British  have  been  using  the  method  of  characteristics 
to  solve  hydrodynamic  problems  and  burning  HE  doesn't  complicate  the 
problem  any  more  than  it  already  is^  They  also  use  the  Von  Neumann 
"q"  method  together  with  the  burn  fraction  routine. 

D.  The  French  also  use  the  method  of  characteristics  to  solve 
their  hydro  problems.  They  are  Just  starting  to  use  the  "q"  method. 

E.  Even  though  the  "q"  method  has  bean  in  the  literature  for  a 
number  of  years,  people  haven't  appreciated  how  well  it  works  for 
shook  hydrodynamics  and  have  tended  to  adopt  the  method  of  character¬ 
istics  Instead.  The  method  of  characteristics  is  inherently  more 
accurate,  but  it  is  also  very  complicated  when  there  are  several 
shocks  in  a  problem. 

As  yet  I  do  not  know  of  a  2-D  characteristic  routine  that 
can  readily  solve  time  dependent  shock  hydrodynamic  problems.  The 
problem  is  being  worked  on  in  Germany,  Switzerland  and  England. 
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DSTOIiWION  PERFORMANCE  CALCULATIONS  USING 
THE  KISTIAKOWSKY-Wn^N  EQUATION  OF  STATE* 


C.  L.  Mader 

Lqs  Alamos  Scientific  Laboratory 
Los  Alamos;  Nev  Mexico 


ABSTRACT 

During  the  last  three  years  the  KlstlaJtovsky-Wllson 
e^tlon  of  state  as  modified  by  Co^.an  and  Pickett  has  been  used  to 
estimate  the  detonation  perfomanee  of  explosives  coo^sed  of  various 
CGDbinations  of  the  elements  carbon^  hydrogen;  nitrogen,  boron,  aluci- 
niaa,  oxygen^  and  fluorine.  A  ccmparlson  of  the  ccDjuted  perfonaanoe 
vlth  the  available  detonation  velocity,  Cha];B£n-Jouget  pressure,  and 
brightness  toi^rature  data  has  been  nade.  Over  a  vide  range  of 
density  and  coiaposltion  the  conputed  and  experimental  perfoznanee  have 
agreed  to  vlthin  SO^.  The  KS>?  equation  of  state  suggests  an  interest* 
Ing  though  not  thoroughly  verified  model  of  the  inter-mationshipa 
betveen  teniperature,  pressure,  and  tht'  particle  density  of  the  OC 
products  for  explosive  systems. 


BKW  CALCULATIONS 

The  theoretical  estimation  of  the  detonation  parameters  is 
based  on  the  Kistiakovsky-Wllson  equation  of  state  as  modified  by 
Coven  and  Flckett  (9).  To  make  the  calculations  as  unbiased  as  possi¬ 
ble  in  predicting  t^  effect  of  various  combinations  Of  elements,  the 
Covan  and  Flckett  treatment  vas  taken  unchanged  as  the  starting  point, 
and  the  nev  product  species  vere  incorporated  in  it  vithout 
any  adjustable  parameters.  This  vas  done  by  using  geometrical 
covolumea  for  the  nev  species  and  the  same  covolunie  sealing  factor 
as  was  used  by  Covan  and  Pickett  for  all  the  products  except  the 
carbon-fluorine  products.  The  70^  code  was  written,  with  Pickett's 
assistance,  so  that  it  would  handle  mixtures  costaiuing  up  to  five 
elements  and  fifteen  components,  one  of  which  may  be  solid  carbon  or 
solid  (unoompressed)  aluolnum  oxide.  This  generalized  version  of 
Cowan  and  Flckett 's  technicrue  is  called  the  BKV  calculation. 

*Thi3  irork  vas  perfoisied  under  the  auspices  of  the  U.  S.  Atomic 
Energy  Conmiission, 
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The  sew  calculation  compute a  the  equilibrium  composition  of 
the  explosion  products  at  temperatures  and  pressures  of  interest,  the 
detonation  Hugoniot,  and  the  values  of  the  hydrodynimie  and  thermo¬ 
dynamic  variables  at  the  C-J  point.  The  isentrope  of  the  reaction 
products  also  can  be  obtained  In  either  the  pressure-volume  or  the 
pressure-partiole  velocity  plane.  As  input  data  the  calculation 
requires,  for  the  explo8i^’e,  its  elemental  composition,  heat  of  forma¬ 
tion,  density,  and  molecular  weight;  and  for  the  explosion  products, 
their  elementsil  eempositions,  heats  of  formation,  covolumes,  and  cubic 
fits  of  their  ideal  gas  free  energies,  enthalpies,  and  entropy  vsdues 
as  a  function  of  temperature.  The  thermodynamic  data  used  was  taken 
from  references  13  and  30.  The  covolmea  used  are  given  in  Table  I. 
The  constants  used  in  the  K-W  equation  of  state  are  0  a  too,  aljdia  = 

0.5,  beta  a  0.09,  and  K  a  11.85. 

■  The  C-J  state  was  cesnputed  by  an  iteration  procedU2«  which 
was  terminated  '^daen  the  convergence  error  in  temperature  was  less  than 
+10®C.  The  corresponding  convergence  errors  in  P  and  D  are  not  the 
same  for  all  systeas,  but  are  of  the  order  of  +5  kilobars  and  ^5 
netera/seBoad,  respectively. 


EXPSRIMSITIAL  mFORMAI^CE  MEASURSMEJTS 


The  methods  used  at  Los  Alamos  to  measure  the  C-J  pressure 
and  detonation  velocity  of  an  explosive  have  been  described  previ¬ 
ously  In  the  open  literature  and  are  adequately  referenced,  in  Table  II. 
The  brightness  measurements  of  W.  C.  Davis  of  this  Laboratory  will  be 
published  some  time  in  the  future.  The  temperatures  reported  are 
those  of  a  black  body  of  equivalent  photographic  brightness,  probably 
with  relative  acciaracy  of  50*K,  since  each  shot  has  a  nltrooethane 
internal  standard,  and  absolute  accuracy  of  aboirt  200 *X.  Tiie  rela¬ 
tionship  between  these  numbers  and  the  actual  detonation  temperature 
is  not  known.  Since  the  agreement  between  Davis's  temperatures  and 
those  of  other  investigators  for  void-free  systems  is  rather  good,  we 
shall  assume,  as  previo\is  investigators  have,  that  the  temperatures 
we  are  measuring  are  the  C-J  temperatures. 

The  estimated  errors  given  in  Table  II  for  some  of  the 
pressure  and  velocity  measurements  are  considerably  larger  than  nor¬ 
mally  associated  with  the  techniques  used.  The  accuracy  of  the 
results  suffered  primarily  as  a  reatilt  of  the  necessity  to  design  the 
shot  setup  in  such  a  way  as  to  use  a  minimum  amount  of  material  and 
the  necessity  of  preparing  and  loading  the  hazardous  mixtures  by 
remote  control, 

£ffiJO_Syatraas 

Covan  and  Pickett's  version  of  the  Kistiakowsky-Vilson 
equation  of  state  was  calibrated  for  RDX,  Cyolotol,  Composltj.on  E,  and 
T’lT,  They  obtained  their  poorest  agreement  for  TIJT, 
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Table  I 

Covolxmis  Used  in  BKW  CalculAtlons 


Sveole 

Covoluae 

Specie 

Ccrrolvnie 
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730 
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180 

HBOg 

1270 

^2^2 

17^+0 

EO 

6lO 

NO 
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^2 

674 
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533 
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r 
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0  . 
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Systems  6,  7j  8#  9  shav  the  effect  of  changes  in  oxygen 

balance#  The  C-J  pressures  and  velocities  of  the  CO*  balanced  sy^eo 
conpared  to  the  CO  balanced  system  is  disappointing  ‘^if  one  considers 
the  heats  of  explosion  and  simple  gamma  law  predictions#  If  one 
assumes  that  the  detonation  velocity  increases  with  density  at  about 
3,000  meters/second/gram/cc#  then  the  velocity'  difference  between  the 
CO  and  the  COg  balanced  systems  may  be  attributed  entirely  to  the 
difference  in^density#  The  taaperature  increases  as  the  amount  of  COg 
increases  until  an  excess  of  oxygen  is  present  and  then  the  tempera¬ 
ture  decreases#  The  observed  C-J  performance  may  be  explained  by  the 
lover  particle  density  at  the  C-J  state  for  systems  producing  COg 
instead  of  CO#  The  extra  energy  present  in  such  a  system  is  primarily 
thermal  energy  rather  than  intermole Ci;lar  potential  energy#  Thus  the 
tec^rature  would  be  expected  to  increase  as  the  amount  of  COg  formed 
was  increased  and  the  pressure  and  velocity  remain  relatively 
unchanged# 

BGHIJQF  Systaas 

Systems  19,  20,  and  21  are  homogeneous  systems  which  pro¬ 
duce  BgO.  and  BF.  as  detonation  products.  Although  the  heats  of 
explosion  are  almost  twice  that  of  conventional  CSNO  explosives,  the 
observed  C-J  pressures  and  velocities  sure  not  as  high  as  those  of  the 
better  CHNO  explosives  at  the  same  densities#  A  possible  explanation 
for  the  poor  C-J  pressures  and  velocities  of  the  boron  explosives 
relative  to  the  CHKO  explosives  can  be  proposed  on  the  basis  of  these 
calculations#  Because  the  product  molecules  BgO-  and  BF_  are  complex, 
the  particle  density  at  the  C-J  point  is  lower^  '^than  for  systems  con¬ 
taining  the  product  molecules  CO,  COg,  HgO,  and  Ng#  Thus  the  energy 
is  partitioned  unfavorably  with  the  intefBOleoula?  potential  energy 
low  and  the  thermal  energy  high#  At  C-J  densities  the  internoleculax 
potential  energy  is  the  primary  pressure-detennining  part  of  the 
energy;  thus  the  C-J  pressures  of  the  boron  explosives  are  low  and 
the  C-J  temperatures  are  high#  Ve  have  no  reason  to  doubt  that  the 
heats  of  explosion  of  these  mixtures  are  high,  and  the  possibility 
remains  that  they  would  perfoim  well  in  applications  which  rely  impor¬ 
tantly  on  the  equilibrium  expansion  of  the  detonation  prcixiets# 

CET'QAl  Systems 

Systems  17  and  18  are  nonhomogeneous  systems,  but  the  C-J 
pressures  and  velocities  may  be  e^^lalned  by  assuming  that  the  HE/AI 
behaves  as  if  it  is  a  homogeneoxis  explosive  and  the  product  molec;ile 
AlgO-  is  formed  as  an  eqidllbrium  C-J  product#  Again  the  oompirted 
ana  experimental  C-J  pressures  and  velocities  are  lower  than  one  might 
expect  from  heat  of  explosion  considerations  because  of  the  low  parti¬ 
cle  density  of  the  detonation  products#  One  expects  that  the  C-J 
temperature  would  be  high  and  that  HE/AI  systems  would  perfora  h-eLl  in 
applloationa  which  rely  on  the  equilibriimi  expansion  of  the  deuenation 
products# 

CHT.OF  Systems 

Systems  l4,  15,  and  l6  show  the  computed  and  experimental 
C-J  pressures  and  velocities  of  systems  containing  fluorine# 
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AlthoTigh.  the  most  desirable  CHIJOF  system  voidd  have  the  fluorine 
attached  to  the  molecule  by  means  of  an  I’-F  bond  rather  than  a  C-F 
bond,  the  C-J  pressures  and  velocities  of  the  available  systems  are 
instructive#  The  calculated  C-J  pressures  and  velocities  of  the 
CHlfOF  systems  are  very  sensitive  to  the  HF,  carbon,  CFr  egu^JLibrium# 
If  one  does  not  consider  the  CF,  CHF  and  COF  species,  3CW  calcula¬ 
tions  predict  pressures  and  velocities  that  are  higher  than  experi¬ 
mentally  observed#  If  one  includes  CF.  ,  the  calculated  pressures  and 
velocities  are  somevAiat  lower  than  expirlmentally  observed#  The 
covolures  of  the  CF,  CHF,  and  COF  species  were  increased  by  a  fantor 
of  1.6  so  as  to  cause  a  sllflht  shift  in  the  HF,  carbon,  CFr  cquillb- 
rlm  and  better  agresment  between  experimental  and  calculated  C-J 
pressures  and  velocities.  This  empirical  observation  nay  be  of  some 
value  to  anyone  wishing  to  use  the  BKW  technique  for  predicting  the 
possible  C-J  performance  of  scane  other  CHIfOF  explosive# 

CEIJOF  explosives  appear  to  form  products  that  are  energy- 
releasing  species  such  as  HP  and  CF.  #  CF^  is  less  desirable  than  HF 
because  of  its  large  mol.egi3lfl.r  weight  and  Mnce  deterlous  effect  on 
the  particle  density,  resulting  in  the  energy  being  partitioned  so  as 
to  give  higher  temperatures  and  Icfwer  pressrurea# 


AGREB'ENT  SSTVEHTJ  EXFSRJ.lEn'AL  Alffi  CALCULAIID  HIRrOiy.A]?CE  PARAMETERS 

For  the  systems  reported  the  BKW  technique  predicts  the 
C-J  pressure  and  temperature  to  within  20^  and  the  detonation  velocity 
to  within  lOfj  of  the  obsei^ed  values#  The  agreement  is  genereUy 
poorer  at  lover  densities#  One  cannot  expect  the  SW  technique  to 
predict  the  C-J  perfonaance  of  systems  that  may  deviate  frcm  equilib¬ 
rium.  The  3KW  technique  fails  for  nonhooogeneous  systems  loaded  with 
large  amounts  of  Inezt  metals  and  for  systems  that  depend  primarily 
utpon  the  precipitation  of  a  solid  as  the  energy  releasing  mechanism# 


C0NCLU3I0?f5 

The  C-J  performance  of  an  explosive  is  apparently  a  very 
sensitive  function  of  the  C-J  particle  density#  Thus,  if  one  desires 
an  explosive  with  a  high  C-J  pressuire  and  velocity,  he  should  tiy  to 
maximize  the  ntsnber  of  molecules  of  detonation  gas  products  per  gram 
of  explosive  as  well  as  the  density  and  the  specific  energy. 
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1.  Deal,  V.  E.,  J.  Chem.  Fhys,,  ^  79^  (1957)  . 

(Val.ues  adjusted  for  density  differences) 

2.  Gam,  W,,  LASL  unpublished  data.  (Vedues  adjusted  for  density 
differences)  Used  technique  described  in  Reference  1. 

3.  Urlsar,  M.  J.  and  CrEiig,  B.  J.,  lASL  unpublished  data.  Used 
technique  descirlbed  in  Reference  1. 

4.  Davis,  W.  C.,  LASL  unp-blished  -data.  Used  technique  described 
in  Reference  1. 

5.  Davis,  V.  C.,  LASL  unpublished  data.  Used  brightness  measure¬ 
ment  technique. 

6»  Davis,  W.  C.,  LASL  unpublished  data.  Used  smear  camera  technique. 

7.  Mautz,  C.  V.,  LASL  unpublished  data.  Used  snear  camera  technique. 
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ENERGY  RELEASE  FROM  CHEMICAL  SYSTEMS 


John  W.  Kurj',  Gus  D.  Dorongh;  Roberu  E,  Sharpies 
Lawence  Radiation  Laboratory 
Ll'^ermore^  California 


I.  DITRODUCTION 

Sie  "energy  release"  of  a  detonating  high  explosive  has 
been  defined  in  a  number  of  ways.  Many  of  the  definitions,  however, 
are  not  useful  for  the  general  understanding  and  prediction  of 
explosive  performance.  Energy  release  as  defined  by  such  traditional 
tests  as  the  Trauzl  block  test  or  the  sand  test  falls  in. this 
category.  Even  the  ’irtdely  used  fundamental  definition'' which 
expresses  energy  release  in  terms  of  the  internal  energy  change 
(hE)  of  the  reaction, 


products  in  eq.uilibriun 

High  explosive  - - — >  at  the  Chapman- Jouguet 

point, 

is  not  completely  applicable.  This  is  because  the  definition  can 
take  no  cognizance  of  compositional  changes  (and  thus  energy  changes) 
which  can  occur  in  the  pest  Chapman-Jouguet  (C-j)  states. 

Hie  definition  of  energy  release  which  we  find  most  useful* 
for  performance  predictions  is  in  terms  of  an  adiabat  relating 
’’ressure  (P)  to  the  vol’cme  (V)  of  the  detonation  products.  The 
energy  release  is  then  explicitly  defined  as  the  /piv  or  the  area 
'under  the  applicable  portion  of  the  F/  curve.  It  is  not  necessacry 
that  a  single  adiabat  represent  the  post  C-J  behavior  of  a  given 
explosive.  Chis  will  depend  or.  the  kinetics  of  the  chemical 
reactions  occurring  after  the  C-J  stats.  If  there  are  no  composi¬ 
tional  changes,  or  if  the  changes  ccc:ir  in  times  shorter  than  a  few 


*This  definition  is  net  gs.nsral  for  evsry  application,  for  it 
excludes  energy  tra.nsfer  by  mechanisms  ether  than  F.’’  work  (heat 
conduction,  etc,) 
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tenths  of  a  then  for  all  practical  p-orpoees  there  is  hut  one 

adiabat.  however,  compositional  changes  take  place  more  slowly, 

a  family  of  adiahats  results  with  time  as  a  parameter.  In  this  case 
the  energy  release  viJl  not  be  single-valued,  hut  will  exhibit  a 
range  of  values  dependent  upon  the  time  of  expansion  of  the  detonation 
products . 

Where  experimental  information  la  Insufficient  to  define 
the  adiabat,  or  family  of  adiabats,  representative  of  the  energy 
release  of  a  system,  it  may  atlU  be  possible  to  define  ninlmum  and 
maxiffiUE  limits  of  the  energy  release,  Ihe  true  energy  release  is 
than  known  to  be  bracketed,  at  least,  between  these  two  exti'amss. 

An  approximation  of  the  ■m-in^rmiTn  energy  release  can  be 
obtained  in  the  follovicg  way.  First  a  va:.ue  for  y  is  calculated* 
from  the  QiajaiBLn- Jouvet  pressure  (Pgj)^  detonation  velocity  (D), 
the  loading  density  TPq);  and  the  assun^ioa  that  PV'  ■  a  constant  is 
descriptive  of  the  benavior  of  the  detonation  produces.  Ihis  which 
V8  shall  teiti  the  Chapman- Jouguat  gamma  (CJO),  then  defines  an  adiabat 
which  can  be  integrated  for  energy  release  over  the  appropriate 
presaure-volume  change.  Ihe  integration  osuinot  realistically  be 
taken  to  pressures  below  about  a  kilobar  because  the  value  of  CJQ  is 
invariably  too  high  in  the  low  pressure  range  (thus  predicting  too 
low  an  energy).  Ihe  main  Justification  that  the  CJQ  adiabat 
represents  a  mlniTnum  in  energy  release  is  that  experimentally 
measured  adiabats  (which  have  been  obtained  from  linpedence  matching 
e3^rlffient6(2)vith  a  time  scale  of  a  few  tenths  of  a  microsecond) 
have  given  values  of  r  aausl  to  or  slightly*  less  than  CJG,  Such 
experiments  allow  minimum  time  for  eneigy  release  due  to  post  0-J 
costposltional  changes. 

Ihe  maximum  energy  release  can  be  obtaiaed  from  a  simple 
thenao- chemical  calculation  (see  Section  II).  Ito  express  this 
fflaxiimim  energy  in  the  form  of  an^adlabat,  we  calculate*  an  average  y 
from  the  energy,  Pqj,  and  PF  -  constant.  We  call  this  y  a 
maxioum  energy  gaama  (J<EO),  !IJie  MEG,  like  the  CJO,  is  also  invariably 
too  high  in  the  lower  pressure  ranges.  Being  an  average,  however,  it 
must  be  low  in  the  high  pressure  ranges  and  will  therefore  tend  to 
predict  too  high  an  energy  release. 

In  the  remainder  of  this  paper  we  will  discuss  the  csil- 
culated  maximum  and  minimum  limits  of  energy  release  for  a  variety 
of  systems  (Section  H),  and  describe  seme  methods  useful  for 
measuring  energy  release  (Section  III), 


*See  Appendix  I  for  appropriate  eq,uations, 

♦*Wa  use  y  in  this  i^iapar  to  mean  the  slops  of  an  adiabat  for  the 
detonation  products  in  the  In  P-ln  V  plane. 
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II.  CALCULASID  .ViDJII.lIM  AID  MAXUdJM  ADIABATS 
FOR  SOME  lEV  SY3ISI-E 

One  of  the  objeotlves  of  explosiyee  research  is  to  find 
nev  materials'  which  are  better  sources  of  chemical  energy  than  those 
currently  available.  Since  most  explosive  systems  can  be  considered 
simply  in  terms  of  internal  oxidation- reduction  reactions,  the  search 
for  nev  materials  is  reduced  in  part  to  a  search  for  nev  oxidizing 
and  reducing  elemental  combinations.  Biat  the  search  cannot  be  con¬ 
fined  to  Just  such  groupings,  however,  is  Illustrated  by  system  E 
described  below.  This  system,  containing  only  the  elements  boron, 
nitrogen  and  hydrogen,  is  devoid  of  any  oxidizing  groups. 

In  Table  I  we  have  listed  examples*  of  the  most  promising 
chemical  explosive  syntems  cxirrently  known,  together  with  their 
the rtan chemical  properties  and  probable  maxlmumi  densities.  RDJ^  one 
of  the  better  organic  explosives,  is  also  included  in  the  table  as  a 
convenient  reference  ma-beriai.  System  A  is  representative  of  what 
might  be  nearly  the  ultimate  in  organic  explosives.  Die  density  and 
composition  chosen  are  based  on  known  materials  (a  COg-halanoed 
mixture  of  bis-trinitroethylnitramine  (BTNEIi)  and  diacetylena) . 

System  B  is  representative  of  what  one  might  expect  from  orgsinio 
explosives  containing  the  KP2  grouping  in  place  of  the  traditional 
nltro  group.  Systems  C  and  D  are  boron  analogs  of  the  carbon  systama 
A  and  B,  The  compositions  chosen  for  C  and  D  are  not  pure  nitro  and 
difluoroamlno  boranes,  however,  because  some  carbon  would  likely  be  a 
necessary  component  of  such  materials.  System  E  is  the  unusual 
formulation  without  oxidizing  groups.  It  relies  upon  the  formation 
of  boron  nitride  for  energy  release,  and  hydrogen  gas  as  the  nsdlum 
for  F7  work.  Because  of  the  large  hcr'drogen  content  of  System  E,  the 
maximum  estimated  density  is  low.  The  final  system  tabulated,  P,  is 
an  extreme  example  of  what  might  be  possible  in  aluminized  systems, 
The  compos ition  and  density  are  based  on  a  BTNZR-Al  mixture, 

We  should  restate  that  synthetic  chemistry  cannot  provide 
these  compositions  at  the  present  time;  the  systems  cited  are  merely 
best  estimates  of  what  could  probably  be  achieved  in  the  synthetic 
line.  In  terms  of  maximum  possible  specific  energy,  n.1 1  the  systems 
in  the  table  are  superior  to  RDX»  Whether  such  systems,  if 
synthesized,  would  indeed  deliver  ti.ese  energies  is  of  course  not 
known  a  priori.  However,  by  the  calculation  of  CJG  and  MEG 
ahiabats,  ve  can  bracket  the  energy  release,  Dils  has  been  done;  the 
data  is  collected  in  Table  II. 

As  discussed  before,  the  calculation  of  MEG  req.uires  a 
knowledge  of  the  Gnapman-Jouguet  pi’cssure;  for  CJG  the  detonation 
velocity  mast  also  be  known  (see  .^pendix  l).  Since  none  of  these 
values  hav?  been  measured,  we  have  relied  on  3KW  (3)  calculational 


*Theae  examples  may  also  be  taken  as  representative  of  promising 
lithium,  beryllium,  and  magnesium  Gontainir:g  systems. 
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results*  for  these  tvo  quantities.  Diat  this  is  appropriate  is  hased 
on  the  fact  that  for  a  variety  of  explosives  (insludin^  boron  ones, 
see  SeetJon  III)  where  neaaureffienta  are  available,  the  3KW  calcola- 
tlons  have  agreed  well  with  experlnient(3) . 

By  combining  the  data  in  Table  II  with  hydrodynamic 
calculations,  we  can  assay  the  possible  performance  of  these  explosive 
systems  in  various  short-time  applications .  As  an  example,  we  have 
done  this  for  the  case  of  metal  plate  acceleration,  using  the  csil- 
culational  code  KO**  (based  on  the  methods  of  von  Neumann  and 
Richtmeyer  (b))  and  a  singsle  geometry'  of  the  type  discussed  in 
Section  III.  Ve  find  the  results  shown  in  Table  III.  We  see  that 

Table  III 


System 


Metal  Velocity 
Calculated  Using  CJG 
(Relative  to  RIiX)*** 


Mstal  Velocity 
Calculated  Using  Kllr 
(Relative  to  RBX)*** 


A 

1.17 

1  OC 

B 

1.10 

1.23 

C 

0.94 

1.10 

D 

C.93 

1.20 

E 

0.95 

1.10 

F 

0.98 

1.32 

if  the  CJO  defines  the  behavior  of  the  detonation  products,  none  of 
the  boron  or  aluminum  systems  are  superior  to  RLi2,  If,  however,  the 
MD3  defines  the  behavior  of  the  detoration  products,  all  of  the 
systems  are  superior  to  RDX.  These  calculations  thus  provide  a  good 
indioation  of  the  possible  performance  range  of  the  systsmB  of 
Table  I  In  metal  acceleration  applications  (fragmentation,  shaped 
charge  effects,  nuclear  weapons,  etc.). 

For  long-time  applications  (air  blast  and  underwater 
effects,  etc.)  the  total  energy  release  ir  the  determining  factor. 

The  numbers  given  in  Table  I  represent  the  maximum  values  of  this 
energy,  These  values  do  not  differ  appreciably  from  those  of 
numerous  aluminized  organic  explosives  that  have  been  in  military 
use  for  some  time.  We  therefore  cannot  expect  the  systems  of  Table  I 
to  offer  much  improvement  in  "long-time"  applications. 


*Iliese  results  were  kindly  supplied  by  Mr,  Charles  Mader  of  the 
Los  Alamos  Scientific  Laboratory . 

**Raference  4  is  the  basis  of  an  IBM  704  code  (KO)  used  in  all 
the  calculations  reported  in  this  paper. 

***Value3  in  table  equal  velocity  aalcuJLated  for  the  system 
divided  by  velocity  calculated  for  RBX, 
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EI3FGY  RELEASE 

One  nev  high  energy  system  that  has  been  investigated 
experimentally  is  a  homogeneous  solution  of  ethyldecaborane  in 
tetranitronethane  (ST).  ’^’.is  is  an  example  of  System  C  although 

its  density  (l.ifC  g/oo)  is  lower  than  the  probable  maximum  density 
of  such  a  system,  'Ihe  elementary  composition  of  this  solution  is 
BioCc  75H]_sH]_rO'5Q  (at  a  mole  ratio  of  ethyldecaborane  to  tetra- 
nitromethane  ofut^.F?).  ST  is  an  extremely  sensitive  mixture. 

What  follows  In  this  section  is  a  discussion  of  the 
experimental  work  planned  and  completed  for  ET  and  similar  explosives. 
This  discussion  serves  to  describe  the  experiments  necessary  to  define 
the  energy  release  of  new  systems  in  general. 

Eie  detonation  velocity  and  the  Chapman- Jo’uguat  pressure 
have  bean  measured  for  ET  at  the  Los  .Alamos  Scientific  Laboratory ^ h; , 
Isentrope  measurements  have  also  been  performed  at  Los  Alamos  for  a 
"Ei  tranitr-omebhans  cystem  pjmost  identical  in  composition 

to  ST^3;5)  This  isentrope  was  measured  using  an  impedance  matching 
technig.ue(^)  in  which  the  C-J  products  are  very  rapidly  expanded. 

The  resiults  of  the  impedance  experiments  agree  with  the  CJO  e3.uation 
of  state.  Table  17  summarizes  the  Los  Alamos  experimental  data  on  ET 

Table  IV 


Explcsiv** 

Density 

(gn/cc) 

Detonation 

Velocity 

(am/iiaeo) 

^CJ 

(kbars) 

Calc. 

CJG 

ET 

( e  thylde  c  ab  o  r  ane- 
tetraaitroffifithane ) 

1.40 

6.74 

172 

2.70 

Comp  B 

RDX,  36^  OTT) 

1.71 

7.99 

290 

2.77 

PBX  9404 

(945^  EMJ^  6^  plastic 
binder) 

Z.84 

8.72 

847 

3.03 

along  with  similar  values  for  PBX  9404^^^  and  Composition  B^^^.  Die 
results  of  impedance  matching  experiments  agree  >ilth  the  GJG  eq,uation 

of  state  for  these  materials  also. 

^nothe^  type  of  experiment  which  has  been  performed  on  ST 
is  the  "small  scale  plate  test"(T).  'Hiis  test  employs  a  config’uratlon 
shown  schematically  in  Fig,  1.  It  consists  simply  of  a  neavily 
confined  column  of  HE,  with  a  detonator  and  booster  at  one  end,  and 
a  metal  plate  at  the  other.  The  length  of  the  column  is  such  that 
the  results  are  independent  of  the  detonator  system.  The  test  is  run 
in  a  carefully  standardized  way  with  a  constant  volume  of  test 
explosive j  the  measurement  consists  of  determining  the  final  plate 
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velocity  by  optical  techr.icues .  Ihe  plate  is  under  acceleration  for 
a  tine  period  of  2  to  4  Some  final  plate  velocities  obtained 

in  tbe  small  scale  plate  test  are  presented  in  Table  V. 

TaJcle  V 


Calculated  Plate 
Velocity  Using 
9404  for  Normal- 


Explosive 

Density 

(gm/cc) 

Experimental 
Plate  Velocity 
(nmyjuaen) 

ization  and  CJO 
Equation  of  State 
(mmyiisec) 

ET 

1.40 

1.12 

0.89 

Ctomp  B 

1.70 

1.09 

1.10 

LA3L  9404 

1.82 

1.17 

1.17 

We  h 

(employing  KO) 

,ave  conducted  one- dimensional  hydrodynamic  calculations 
on  the  small  scaile  plate  test  configuration  vising  the 

CtTS  equations  of  state,  Hie  calculated  final  plate  velocities  sire 
also  presented  in  Table  7  (normalized  to  P3X  9404)*'.  Tbe  agreement 
betveen  the  experimental  and  calculated  normalized  velocity  for 
Comp  B  is  very  good.  The  discrepancy  betveen  the  calculated  and 
experimental  values  for  the  boron  explosi\'e,  hovever^  suggests  that 
in  the  small  scale  plate  test  a-  higher  energy  release  is  obtained 
than  the  CJG  equation  of  state  vo’uld  predict. 

A  vay  of  reconciling  this  discrepancy  is  to  assume  that 
the  energy  release  of  the  boron  explosive,  unlihs  that  of  Comp  B  and 
P3X  9404;  is  markedly  time  dependent.  Experiments  more  readily 
interpretable  than  the  small  scale  plate  test,  hovever,  are  required 
to  verify  this  ass'umption.  We  have  started  such  experiments,  but 
they  are  not  complete  at  the  time  of  vriting  of  this  article.  We 
report  here  only  raat  these  experiments  are,  and  'rdiat  information  ve 
hope  to  gain  from  them. 

The  largest  of  the  experiments  is  knovn  as  the  "flat-plate 
test".  The  configuration  employed  is  shown  in  Fig.  2.  Pin 
techniques (®)  are  used  to  measure  final  plate  velocity.  For  large 
scale  testing  of  highly  sensitive,  expensive  systems,  the  flat  plate 
test  has  advantages  over  end-on  tests  in  that  lens  and  edge  effects 
may  be  eliminated  without  using  large  amounts  of  explosive.  The  flat 
plate  test  also  tends  to  accentuate  the  importance  of  the  lover 
press’ure  regions  of  the  adiabat.  The  plate  is  under  acceleration 
for  a  longer  period  (the  range  is  some  2-2C  ^sec)  in  this  test  com¬ 
pared  to  the  small  scale  plate  test.  To  illustrate  hov  sensitive 
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final  plate  velocity  should  be  to  changes  In  the  eq.uation  of  state  o: 
the  detonation  products,  hydrcdynaaiic  calculations  have  been  made 
using  the  three  different  types  of  flat  plate  configurations  and  the 

state  for  the  ET'  system.  Bie  results  are 


CJQ  and  MEG*  ecuations  o: 
presented  in  Table  ’/I. 


Flat  Plate  Teat 
Configuration 

1 

2 

3 


Table  VI 

Final  Plate  Velocity 
Calculated  for  ET 
Using  CJG  Eauation 
of  State 

_ (ntn/ttsec) _ 

1.6 

2.4 

2.0 


Final  Plate  Velocity 
Calculated  for  ET 
Using  I-ffiG  Eq,uation 
of  State 

_ (aa/fLBec) _ 

2.2 

3.0 

3.9 


Another  teat  vhioh  shovs  considerable  promise  for  exploring 
time-dependent  adiabats  vith  small  amounts  of  explosi’,^  is  the 
"cylinder  test"  depicted  in  Pig.  3.  ISia  KO-caloulated  final  wall 
velocities  for  ET  in  two  configurations  of  the  cylinder  test  are 
presented  in  Table  VTI.  Qliese  values  were  again  calculated  using 


Table  VII 


Cylinder 

Configuration 


Final  Vail  Velocity  Calcu¬ 
lated  for  ET  Using  CJG 
Sq.uatlon  of  State 
_ (gffi/uscc) 

3.2 

2.5 


Fine!  Vail  Velocity  Cal¬ 
culated  for  ET  Using 
MEG  Eiuation  of  State 

I  (luil./;^ecj 

i,  ■] 

3.1+ 


both  the  CJG  and  MEG  eq.uations  of  state. 

An  entirely  different  type  of  energy  measurement  is  offered 
by  the  calorimeter,  ais  test  measures  directly  the  total  energy 
change  Involved  in  the  overall  reaction i 

high  explosive-— >  C-J  products - >  products  found  in  bomb 

(at  2p8°K  and  1  atm)  (at  296®K  and  several  atm) 

One  does  not  necessarily  obtain  a  unique  energy  release  by  this 
method  sines  charge  diameter  and  extent  of  confinement  influence 
the  composition  of  the  final  products.  iEie  maximum  possible  energy 


•M"7Vp 


'Ills  yaj.ue 


is  1.53. 


y  calculated  from  the  maximum  thermochemical  AS 
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release,  therefore,  has  to  be  determined  by  neaBuring  the  heat  of 
detonation  as  a  function  of  charge  diameter  and  extrapolating  to 
infinite  diameter, 

A  smadl-scale  detonation  oalorimeter  has  been  constructed 
at  LRL,  and  a  larger  one  is  in  the  planning  stage.  Hie  heats  of 
detonation,  Q,  obtained  for  severaJ.  reference  explosives  (both  con¬ 
fined  and  unoonfined)  using  the  small  oalorimeter  are  presented  in 
Table  VIII.  (Hie  ^'s  given  are  for  water  liquid.) 

Table  VTII 

Confined  Unconfined 


Explosive 

Weight  of 
Charge 

(g) 

Heat  of 
Detonation 

(kcaiyg) 

Weight  of 
Charge 
is) 

Heat  of 
Detonation 
(kcal/g) 

PETN 

Density  =  1.73 

1+.551 

1+.593 

Avg. 

1.473 

1.457 

1.49 

0.982 

2.893 

4.638 

Avg 

1.467 

1.508 

1.507 

.  1.49 

PBX  51+01+ 

1.800 

1.295 

Density  =  l.SO  g/oo 

3.601 

I.3S8 

3.597 

1.280 

Avg. 

1.39 

Avg 

.  1.29 

Composition  B 

4.032 

1.213 

1.764 

0.976 

Density  =  1.69  g/as 

4.046 

4.036 

0.968 

Avg, 

1.22 

Avff 

0  07 

0.870 

0.903 

0.871 

0.928 

Tetryl 

4.572 

1.139 

2.603 

0.916 

Density  =  1,69  g/cc 

4.376 

1.141 

2.608 

0.917 

Avg. 

1.14 

4.340 

0.9C8 

4.356 

0.919 

4.357 

0.951 

4.363 

0.911 

4.374 

0.924 

Avg, 

,  0.92 

Ihe  fact  thax  the  heat 

of  detonation  of  PETN  is  1 

;he  same 

corxfined  and  ur.confin 

ed,  ever,  in 

the  small  d 

lameter  used,  suggests 

that  1.49  kcal/gn  is 

its  maxinunc  ; 

possible  er 

ergy  release.  Hie  values 
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for  the  other  explosives,  however,  show  a  marked  dependence  of  energy 
release  on  confinement. 

Die  various  experiments  described  above  run  the  gamut  of 
time  dependence  for  energy  release.  To  illustrate  this,  ve  have 
plotted  in  Fig,  4  the  average  internal  eneigy  of  the  detonation 
products  of  ET  versus  time.  The  values  for  the  flat  plate  and 
cylinder  teats  are  csdculated  from  KO  using  the  CJQ  equation  of 
statej  the  values  for  the  lu^danoe  matching  and  calorimetry  experi¬ 
ments  ore  estimated.  Tte  plan  to  use  this  entire  set  of  tests  to 
explore  the  system*,  B^Cgo-xSiS^SOOlO •  system  is  a  homogeneous 

mixture  of  tetranitromethane,  tetralin,  and  a  derivative  of  deca- 
borane.  The  boron  content  can  be  varied  from  x  =  0  to  x  =  10  without 
changing  the  density  or  heat  of  formation  of  the  mixture.  Oie 
osLlculated  maximum  energy  release,  however,  changes  from  1.6  to  2.4 
koal/gm  blB  x  goes  from  0  to  10.  VTe  fully  expect  that  these  new 
results  will  establish  clearly  whether  the  discrepancy  noted  for  ET 
in  the  small-scale  plaSe  test  is  an  artifact  of  the  test,  or  a  real 
indication  that  a  family  of  time  dependent  adiabats  must  be  used  to 
represent  the  performance  of  boron  containing  explosives. 


^Developed  for  the  Lawrence  Radiation  Leboratory  by  Reaction 
Motors,  Inc,  LRL  Purchase  Order  No.  3-8711'6  „ 
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[Ihe  calorifflfitry  experiments  described  in  this  report  vere 
performed  by  Msasrs  D.  Omellas  and  J.  Tash,  !Qie  small  scale  plate 
tests  vere  carried  out  by  Messrs  D.  Omellas  and  M.  Finger, 

Wte  wish  to  acknovledge  the  interesting  and  helpful 
discussions  on  the  subject  of  energy  release,  with  Mr,  C,  L.  Mader  of 
the  Los  Alamos  Scientific  Laboratory  and  Drs ,  Sigmund  Jacobs  and 
Donna  Price  of  the  Naval  Ordnance  Laboratory. 
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RelAtlons  among  the  Detonation  Paxaaetera  of  a  r-lav  High  Exploalve. 


We  first  list  the  veil  !movn  conservation  aq.uations 
associated  vith  the  passage  of  an  Inert,  one-dimensional  shook 
thro'ogh  a  fluid  confined  in  a  rigld-vallad  cylinder,  Ihe  subscripts 
0  and  1  denote,  respectively,  the  states  before  and  after  the  passage 
of  the  shook.  Bee  polytropic  eq.uatlon  of  state,  the  G-J  hypothesis, 
and  the  definition  of  the  sound  speed  are  also  given  for  reference, 


Mass  conservation: 

Momentum  conser/ation: 

Energy  oonser/ationi 
Chapman- Jouguet  Hypothesis: 
Definition  of  sound  speed; 
Polytropio  equation  of  state: 


fo° 


^1  “  fo 

V2Pi(i/fo- Vfi) 

D-u, 


^1 

(dP/d/>) 
p/(r-i)f  - 


1 

c2 


It  should  be  noted  that  the  conservation  equations  given 
here  aseiome  the  unshooked  medium  to  be  at  rest,  i.e,,  u  =»  0,  and  to 
have  F  a  Q.  If  nov  state  o  describes  a  region  of  undisturbed  high 
explosive,  and  state  1  is  assooiatsd  vith  the  C-J  state,  i.e,,  ve 
assume  a  negligible  reaction  zone  thickness,  then  "the  follovlng" 
relations  can  be  derived^?)  for  the  (lusuatlty  p: 


CJ 


■*  iV ^  ^ 

o<J'  0 
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ADDITIONAL  EXPERIMENTAL  RESULTS  AVAILABLE 
AT  THE  TIME  PAPER  WAS  PRESEITIED 

Preliminary  results  for  the  systems  B^C.  _H2_gN2Q0j^  and 
^2C^lS’’20®40  (Table  l)  have  been  obtained  from  the  rolloving 
experiments : 

1)  Measurement  of  detonation  velocity  and 
Chapmar’-Jouguet  pressure.  (Table  2) 

2)  Measurement  of  a  point  on  the  iser.trcpe 
of  the  detonation  products,  (Table  3) 

3)  Small  scale  plate  test.  (Table  4) 

4}  Cylinder  and  flat  plate  hydrodynamic 
performance  tests.  (Tables  5  and  6) 

5)  Ses-t  of  detonation.  (Table  7) 
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Taile  2. 


ScploBive 

Density 

fean./cc) 

— p  - 

(kbars ) 

— 

D 

(mm/iisec ) 

PBX  9l^J34* 

1.83 

360 

8.80 

Conip  B* 

1.71 

290 

(287) 

7.99 

(8.10) 

Organic 

1.47 

215 

(220) 

1.39 

(7.31) 

Boron 

1.47 

2.tS 

(203) 

7.00 

(6.85) 

*LASL  experimental  values. 

()LASL  calculated  values  using  BXW  codes. 


Table  3. 

Isentrope  P-U  Points 


Explosive 

(cm/ftsac) 

r - '  _  » 

(bars) 

Organic 

0.75 

1000 

Boron 

0.7'!  , 

670 
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Kie  above  experimental  data  ccmbined  witb  hydrodynamic 
calculations  lead  to  the  f ollcwing  conclusions : 

1)  Boron -oxygen  explosives  perform  about  as  predicted  by 
the  CJG  equation  of  state,  not  the  MEG  equation  of 
state . 

2)  'itere  is  no  evidence  for  time  dependent  adiabats  in 
the  boron  explosive. 

3)  The  small  scale  plate  test  does  not  order  e^losives  in 
the  sane  manner  as  larger  more  significant  2:ydrodynamic 
tests . 
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THE  DETONATION  PROPERTIES  OP  DATE 
(1,  3-DIAMINO,  2,  4,  6-TRINITROBENZENE) 


N.  L.  Coleburn,  B.  E.  Drlmmer,  T,  P.  Llddlard,  Jr. 
U.  S,  Naval  Ordnance  Laboratory- 
Silver  Spring,  Maryland 


ABSTRACT:  The  detonation  parameters  of  the  rela¬ 
tively  new  heat-resistant,  shock-lnsensltlve  explosive 
DATE  have  been  measured.  At  the  normal,  pressed-loaded 
density  (l.80  g/cm^),  the  detonation  velocity  Is  76OO 
m/sec,  and  the  Chapman -Jouguet  pressure  Is  257  kb.  The 
detonation  velocity  (m/sec)  varies  with  density  (g/cm^) 
according  to  D  -  2480  +  28^2 /»»  The  energy  of  detonation 
Is  847  cal/g.  The  failure  diameter  was  found  to  be 
0,53  cm.  When  mechanical  shocks  are  slowly  applied,  as  in 
the  Impact-hammer  machine,  DATE  Is  less  sensitive  than 
TNT,  but  when  the  shock  Is  more  rapidly  applied,  as  In 
the  NOL  wedge  test,  the  explosive  behaves  more  like 
Composition  B,  Addition  of  55^  plastic  binder  desensitizes 
DATE  to  rapidly-applied  shocks,  causing  It  to  fall  to 
build  up  to  detonation  In  the  wedge  test  even  though  the 
pressure  within  the  explosive  may  be  as  high  as  82  kb. 


Introduction 


The  speeds  of  modern  aircraft,  and  especially  those 
of  unmanned  missiles,  have  produced  many  difficult  prob¬ 
lems  In  ordnance  design.  The  ability  of  the  explosive 
component  to  tolerate  severe  thermal  cycles  experienced 
during  the  mission  of  such  ordnance  Is  an  Important 
parameter  In  these  designs.  A  promising,  new,  shock- 
lnsensltlve  explosive,  1,  3-dlamlno,  2,  4,  6-trlnltro- 
benzene  (DATB)Ij  2,  has  superior  thermal  scaoility  under 
these  conditions,  DATE  Is  a  yellow  solid  having  a 
crystal  density  of  1.837  g/cm*;  It  melts  at  286®C,  and 
decompose  at  a  negligible  rate  at  204 ®C,  while  at  260°C 
Its  decomposition  rate  Is  only  about  (by  weight)  per 
hour.  It  does  not  Initiate  at  the  maximum  height  of  the 
NOL  Impact  machine  (320  cm).  In  sensitivity  testing, 
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showing  that  It  Is  much  less  sensitive  to  such  slowly- 
applied  mechanical  shocks  than  even  TNT  (200  cm).  The 
detonation  parameters  of  DATE  and  Its  sensitivity  to 
rapidly-applied  shocks  are  reported  herein. 


Detonation  Velocity  of  DATE  and  DATB-Plastlc- 
Bonded  Compositions 

Detonation  velocities  as  a  function  of  charge 
density  were  measured  for  pure  DATE  and  DATB/^PON  1001* 
(95/5)  with  a  rotatlng-mlrror  smear  camera.  The  veloc¬ 
ities  obtained  from  the  photograohlc  measurements  (when 
the  charge  density  was  a  maximum)  checked  to  within 
10  m/sec  when  camera  and  electronic  pin  probes  were 
employed  simultaneously.  Simple  pelleting  techniques 
produced  5.0-cm  diameter  pellets  for  these  tests,  with 
densities  ranging  from  1.4  to  1,8  g/cm3.  To  obtain  charges 
with  densities  below  1,4  g/cm-^,  the  powder  (average 
particle  size  4  to  5  microns)  was  loaded  in  15-gram 
Increments  into  5.1-cm  Internal  diameter,  0,15-cm  thick 
aluminum  or  glass  tubes  and  pressed  (in  the  aluminum 
tubes  only)  at  pressures  up  to  8,000-10,000  psl.  When 
confined  by  the  aluminum  the  detonation  wave  was  observed 
through  a  series  of  small,  evenly  spaced  holes  drilled 
through  the  metal  casing.  Each  test  charge  was  initiated 
by  an  explosive  train  consisting  of  a  U,  S,  Engineer’s 
Special  Detonator,  a  5,1-cm  diameter  plane-wave  generator 
(Baratol-Composltlon  b),  and  a  5,1-cra  diameter,  5.1-cm 
long  tetryl  pellet. 

The  detonation  velocities  are  listed  in  Table  I  and 
plotted  in  Figure  1.  At  densities  normally  obtainable, 
1,80  g/cmJ  (98.OJ6  of  crystal  density),  the  detonation 
velocity  of  pure  DATE  is  76OO  m/sec.  The  detonation 
velocity  varies  linearly  with  the  charge  density  according 
to  the  equation 


D  -  2480  +  2852^  (i  25)  m/sec.  (l) 

The  diameter  effect  was  studied  by  detonating  a 
pyramidal  charge  of  three  cylindrical  pellets,  2,54-, 
1.22-  and  0.64-cm  diameter,  stacked  in  order  of  de¬ 
creasing  diameter.  On  top  of  the  0.64-cm  diameter  pellet 
was  placed  a  l<25-cm  long  truncated  conical  section 
tapering  from  0,64-cm  diameter  at  its  base  bo  0.32-cm 
diameter  at  the  top.  Detonation  of  the  pyramidal  charge 
resulted  in  a  normal  velocity  with  detonation  failure 


*  Epoxy  Resin;  Shell  Epon  1001;  (Shell  Chemical  Company, 
Emeryville,  California.) 
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TABLE  I 

DETONATION  VELOCITY  OP  DATE 


Charge 

no. 

Length 

(om) 

1 

Confinement 

Detonation 

velocity 

(m/sec) 

1 

1* 

Conical** 

1.250 

None 

1.816 

««• 

0.64 

2.540 

R 

1.816 

7620 

1.27 

2.644 

H 

1.815 

7620 

2.54 

7.861 

rt 

1.809 

7620 

2 

5.47 

13.40 

0.901 

5050 

3 

15.31 

1.427 

6600 

4 

4 .48 

15.53 

1.375 

6470 

5 

4.44 

15.26 

1.381 

6470 

6 

4.44 

15.27 

1.285 

6130 

1 

4.44 

15.27 

1.205 

5880 

8 

5.08 

15.80 

1.788 

7570 

9 

5.08 

20.47 

1.793 

7580 

# 

Charge  1  was  the  pyramid  charge  in  four  sections . 


Diameter  uniformly  decreased  from  0.64  to  0.32  over 

1.25  om-length. 

### 

Failure  diameter  ■  0.53  om. 
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ocouiTlng  at  a  charge  diameter  of  0,53  era,  i.e.  within  the 
tapered  region. 

Results  obtained  with  DAIB/EPON  1001  (95/5)^  Table  II 
and  Figure  1,  show  that  at  a  given  charge  density  this 
plastic-bonded  explosive  detonates  about  150  ra/seo  slower 
than  does  pore  DATE.  A  tapered  section  was  not  used  in 
the  DATB/EPON  1001  (95/5)  pyramidal  charge.  Therefore  the 
failure  diameter  of  this  composition  was  not  ascertained. 
However,  its  ability  to  propagate  stable  detonation  up  to 
the  end  of  a  2.54-cm  long  cylindrical  pellet  0,64  ora  in 
diameter  demonstrated  that  its  failure  diameter  is  near  to 
that  of  pure  DATE. 


The  Chapman- Jouguet  Pressure  of  DATE 

Using  a  method  reported  by  W,  C,  Holton^,  we  have 
measured  the  Chapman- Jouguet  pressure  of  DATS.  This 
method  involves  the  measurement  of  the  velocity  of  the 
shook  wave  transmitted  into  water  from  the  end  of  a  plane- 
wave-initiated  charge;  then,  employing  an  equation  of 
state  of  water  to  obtain  the  pressure  at  the  water- 
explosive  interface,  the  Chapman-Jouguet  pressure  Is 
inferred.  In  the  experimental  arrangement,  a  charge 
15.2-om  long  by  diameter,  initiated  by  a  Baratol- 

Composttlon  B  plane-wave  generator,  was  Immersed  in 
distilled  water  to  a  depth  of  6.4  cm.  The  bottom  end  of 
the  charge  was  positioned  parallel  to,  and  1.3  cm  above, 
the  optical  axis  of  the  smear  camera.  The  shock  wave 
within  the  water,  "back-lighted"  by  collimated  light  from 
Oil  Ldg  wire,  proauoea  a  time-resolved  shadowgraph. 

Prom  measurements  of  this  photographic  trace  the  deto¬ 
nation  pressure  of  the  explosive  is  calculated  using  the 
water-shock  wave  data  of  Rice  and  Wal3h4,  Their  data  are 
represented  by  the  following  equation: 

U  -  1,483  -  25,306  log^Q  (1  +  u/5,190)  (2) 

where  U  is  the  shook  velocity  and  u  Is  the  particle  velo¬ 
city  of  the  Water  in  m/sec.  Thus  a  measurement  of  U  at 
the  explosive-water  interface  produces  a  corresponding 
value  of  u.  The  pressure,  P,  in  the  water  at  this  Inter¬ 
face  is  then  obtained  from  the  familiar  hydrodynamic 
equation 


P  -  UuAo  (3) 

where  Vq  Is  th;i  specific  volume  of  material  in  the  un¬ 
shocked  state,  The  Chapman-Jouguet  pressure  of  the 
explosive,  P^j,  is  related  to  the  pressure,  ©  ,  of 
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TABLE  II 

DETONATION  VELOCITiT  OP  DATB/EPON  1001  (95/5) 


Charge 

DO. 

Diameter 

(cm) 

Length 

(cm) 

Density 

(g/cro3) 

Detonation 

velocity 

(m/seo) 

1* 

0.638 

2.545 

1.776 

7350 

0.953 

2.545 

1.765 

7350 

1.267 

2.436 

1.756 

1.267 

2.629 

1.761 

7880 

2.537 

2.573 

1.752 

7400 

2.537 

2.6l4 

1.708 

7180 

2 

5.053 

15.00 

1.733 

7^0 

3 

2.527 

15.67 

1.448 

6480 

*  Charge  1  waa  a  pyramid  charge  in  aix  sections. 


CONFIDENTIAL 


108 


Coleburn,  Drimaer,  Ltddtard 

CONFIDENTIAL 


the  watec  at  the  explosive-water  Interface  by  a  simple 
equation^! 


yC/g  ^)HtO 

2(/SU)h*0 


(4) 


where  (/®  D)t  Is  the  product  of  the  initial  density  and 
detonation  velocity  of  the  explosive. 


Three  DATS  cnargea  were  fired «  each  at  an  initial 
density  of  1.790  ±  0.001  g/cra3,  yielding  the  following 
mean  values! 


D  ■  7585  m/sec. 

U  -  5980  (±28)  ra/seo, 
u  ■  2624  m/seo, 

V 

Gniereforei  the  Chapman- Jo uguet  pressure  of  DATS  iS£257  kb. 
This  la  some  36^  greater  than  that  of  TNT  (I89  kb)”  and 
only  12^  less  than  that  of  Composition  B  (290  kb) 


The  Energy,  of  Detonation  and  _tha 


The  energy  of  detonation  can  be  estimated  from  the 
assumption  that  on  detonation  the  oxygen  In  the  explosive 
forms  KoO/aU  CO/.w  and  COo/.^  In  tut  order.  For  DATS 
this  reaotWn  Is^®' 


C6H5K5O6 


2.5  HgO^gj  +  3.5  ♦  2.5  *  2.5  (5) 

The  measured  heat  of  formation  of  DATS  is  29.23  k  oal/tels®. 
Using  available  heat-of-formatlon  data  for  the  decom¬ 
position  produotSi  the  heat  of  detonation  is  calculated 
to  be  875  oal/g. 


The  heat  of  detonation  also  can  be  oaloulated  from 
the  hydrodynamic  properties  determined  above.  The 
relation 


^CJ  = 


-^T 


r+TT 


(6) 


is  readily  derived  from  the  Chapman-Jouguet  condition, 
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(the  term  Pq  has  been  neglected  here  since  j  the 

hydrodynamic  relation, 

■  ''o  fcj/  ('"o  -  ’oj)  <S) 

and  the  definition  of  k,  the  Isentroplo  exponent. 


Thus  equation  (6)  yields  a  value  of  k  from  the  experimen¬ 
tally  determined  values  of  D  and  Pqj,  The  energy  of 
detonation,  Q;  is  then  calculated  By  the  equation 


Q. 


(10) 


Q  10 

as  shown  by  Jacobs^  and  Price  ,  Prom  these  relations  k 
for  DATE  Is  3*02,  and  Q  la  84?  oal/g,  checking  to  within 
some  3^,  the  energy  calculated  from  thermal  data.  For 
convenience  these  results  are  assembled  in  Table  III, 
where  they  are  compared  to  corresponding  values  for  TNT, 


Sensitivity  to  Ranldlv-Applled  Shooks 

Evaluation  •■•rr:  on  pure  DATE, 

Znia/atun  1001^ i 95/5)*  and  DAIB/BRL  2741*  (95/5)  using  the 
NOL  wedge  test'^'^.  In  this  test.  Figure  2,  the  explosive, 
foitned  into  a  25-degree  wedge  with  a  maximum  thloknesB  of 
1,27  cm, is  subjected  to  a  plane  shook  wave  delivered  by 
an  explosively-driven  brass  plate.  Plates  of  1.27-, 

2,34-,  and  3,81-om  thlotoesses  are  used  In  order  to  vary 
the  shook  pressure  transwLuted  Into  the  explosive.  The 
shook  wave  within  the  metal  la  formed  by  the  detonation 
of  a  1,27-otn  thick  Composition  B  slab,  12,7  om  square. 
Initiated  by  a  10,8-cm  diameter  plana-wave  generator. 

The  shock  velocity  within  the  unreacted  explosive,  as  a 
function  of  explosive  thickness, and  the  build-up  to  ^he 
steady  detonation  rata;,  are  Inferred  from  an  analysis  of 
the  smear-camera  photograph  of  the  shook  arrival  at  the 
free  surface  of  the  wedge  (Figure  3, oentral  region) 

y  '  •  -I  -  ^  I  -I  -  - 

Phenolic  resin  (Bakellte  Corporation,  New  York  City, 

New  York,) 
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TABLE  III 

PROPERTIES  OP  DATE  COMPARED  TO  TNT 


Property 

DATB 

TNT 

Experimental  Density  (g/om3) 

1.800 

1.637 

Detonation  Velocity  (m/aeo) 

7600 

6940 

<5/®  (g/em3l) 

2852 

3225 

Failure  Diameter  (om) 

.53 

1.3(14) 

Detonation  Pressure  (kb) 

257 

189(^) 

Detonation  Energy  (eal/g) 

847 

636 

50^  Impact  Initiation  Height  (om) 

320 

200 

Isentroplc  Exponentj  k 

1  3.02 

3.17 

Plate-Puah  Value,  (ft/aee) 

3130 

2930 
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Fig.  2  -  Sde  view  of  NOL 
wedge-test  arrangement 
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Reflected-llght  technique  is  used  to  record  the  shock  ar¬ 
rival  and  to  measure  the  shock-wave  parameters  of  the  brass 
plate. 


The  results  obtained  for  the  bulld-up-to-detonatlon 
tests  on  DATE  using  the  three  brass  thicknesses  are  shown 
in  Figures  4-6,  where  they  are  compared  to  those  obtained 
for  Composition  B.  The  outstanding  feature  of  these 
curves  is  the  fact  that  the  instantaneous  shock  velocity 
within  the  explosive  rises  10-20^  above  the  normal  deto¬ 
nation  velocity  before  settling  down  to  that  value.  An 
example  of  thj/s  velocity  “overshoot'*  can  be  seen  in  the 
smear-camera  photograph  for  Shot  1  (Figure  3 ) .  In  this 
respect  DATE  behaves  like  other  pressed  explosives.  No 
cast  explosive  has  exhibited  such  an  "overshoot",  while 
pressed  explosives  characteristically  do"*"'^.  Another 
feature  shown  in  Figures  4-6  is  that  the  bulld-up-to- 
detonation  of  DATE  under  this  rapid  shock-loading  Is  not 
significantly  different  (other  than  the  "overshoot")  from 
that  of  cast  Composition  Thus  the  sensitivity  of 

DATE  to  mechanical  shocks  is  strongly  dependent  on  the  rate 
of  shock-loading;  when  applied  slowly,  as  in  the  impact- 
hammer  machine,  DATE  is  very  Insensitive  (the  50^  inltiatjoo 
point  exceeds  320  cm,  while  for  TNT  it  is  200  cm  and  for 
Composition  B  it  is  60  cm) ^3,  When  the  shock  is  applied 
rapidly,  as  in  the  wedge  test,  the  sensitivity  of  DATE  is 
comparable  to  that  of  cast  Composition  B  (TNT  falls 
completely  to  build-up  to  normal  detonation  velocity  in 
the  wedge  test^^,) 


The  NOL  wedge  test  was  designed  to  permit  for  each 
shot  a  determination  of  one  point  on  the  Hugoniot  curve 
for  the  unreacted  explosive.  Analysis  of  the  upper 
region  of  Figure  3  yields  the  free-surface  velocity  and 
the  shock  velocity  of  the  brass  at  its  free  surface,  and 
thus,  by  equation  (3)j  the  pressure  in  the  brass  at  the 
brass,  explosive -wedge  interface  (assuming  that  the 
particle  velocity  of  the  brass  is  one  half  its  free- 
surface  velocity).  An  equation  analogous  to  equation  (4) 
then  produces  the  pressure  within  the  unreacted  explosive 
at  the  same  Interface,  If  its  compression,  V/Vq  (where 
Vo  and  V  are  respectively,  the  specific  volume  of  the 
explosive  before  and  after  being  shocked),  is  determined 
for  the  same  state,  then  the  point  on  the  Hugoniot  curve 
will  have  been  determined.  The  compression  is  calculated 
from  the  continuity  equation  for  the  explosive 

V  -  U  u 

Vo  (11) 

using  equation  (3)  to  obtain  the  particle  velocity,  u, 
of  the  unreacted  explosive.  In  this  manner  three  points 
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Fig.  5  -  Instantaneous  shock  velocities  in  DATE  for  2,54-cm 
thick  brass  compared  with  comp  B 
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THICKNESS  OF  EXPLOSIVE  WEDOE  (MM) 


Fig.  6  -  Instantaneous  shock  velocities  in  DATS  for  3.81-cm 
thick  brass  compared  to  comp  B 
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Fig.  7  -  Instantaneous  shock  velocities  in  DATB/BEL 
2741  (95/5),  for  1.27-cm  thick  brass 
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on  the  Hugonlot  curve  for  the  unreacted  explosive  have 
been  determined  for  pressures  of  approximately  75*  85*  and 
100  kb.  The  exact  values,  as  well  as  the  other  parameters 
derived  from  the  wedge  test  are  tabulated  In  Table  IV. 

A  few  explanatory  remarks  on  the  data  In  Table  IV 
are  appropriate.  The  final,  or  steady  value  of  the 
Instantaneous  velocity,  D,  should  be  Identical  with  the 
normal  detonation  velocity.  The  observed  deviations  from 
this  value  are  merely  the  result  of  the  difficulties  of 
making  a  precision  velocity  measurement  by  this  method. 

The  smallest  tilt,  or  non-planarlty  of  the  wave  as  It 
emerges  from  the  explosive  wedge  would  alter  the  value 
of  D.  Thus  the  measurement  of  D,  while  not  good  enough 
for  a  determination  of  a  precision  detonation  velocity, 
serves  as'^a  useful  measure  of  the  normal,  plane-wave 
propagation  assumption  of  the  wedge  test. 

The  fact  that  the  shock  within  the  explosive  wedge 
does  not  move  always  at  Its  normal  detonation  velocity 
means  that  the  shock  (or  detonation)  wave  Is  "delayed"  in 
reaching  a  given  depth  In  the  explosive.  The  "delay 
time"  Is  defined  as  the  difference  In  time  of  arrival  of 
the  wave  within  the  explosive  between  Its  actual  time  of 
arrival  and  the  time  It  would  have  arrived  had  It  moved 
always  at  Its  steady  detonation  velocity; 

Delay  time  ■  (tlme-of-arrlval)  -  (tlrae-of-arrlval) 

"observed"  "steady  shock"  (12) 

(Of  course,  these  times  of  arrival  are  calculated  for 
some  point  beyond  that  where  the  steady  velocity  has  been 
attained).  The  fact  that  velocity  "overshoots"  occur, 
produces  the  possibility  that  negatlve"delays"  could  be 
obtained,  l.e.,  the  shock  could  arrive  even  before  It 
would  have,  had  It  travelled  at  Its  steady  velocity  at 
all  times.  Thus  Shot  1  (with  a  1.27-cm  thick  brass  plate) 
exhibit  a  delay  time  of  only  0.07  mlcrosec  as  contrasted 
with  0,20-0.30  mlcrosec  for  the  other  five  shots. 

Wedge  tests  also  were  run  for  plastic  bonded  DATE/ 

BRL  27^1  (95/5)  and  DATB/EPON  1001  (95/5).  With  DATE/ 

BRL  27^1  (95/5)  the  standard  25-degree  wedge  failed  to 
build-up  to  detonation  when  a  2,54-cm  thick  brass  plate 
was  used,  even  though  the  pressure  developed  within  the 
explosive  was  82  kb.  Build-up  to  detonation  was  obtained 
with  DATB/3P0N  1001  (95/5)  In  the  2,5^-cm  thick  brass 
plate  wedge  test. 


CONFIDENTIAL 


119 


TABLE  IV 


CONFIDENTIAL 


••  9 


w*  j 


Plate-Push  Tests 

The  NOL  plate-push  test  measures  the  ability  of  a 
5,4-cm  diameter  by  6.3-cra  long  cylinder  of  explosive  to 
project  a  5.^-cm  diameter  steel  disc  (200  g)  from  a  small, 
expendable  1.25-om  thick  steel  mortar.  The  velocity  im¬ 
parted  to  the  disc,  in  ft/aeo,  is  the  "piate-push"  value 
of  the  explosive.  Pure  DATE  gives  a  value  of  3130  ft/sec 
and  is  thus  iritomedlate  to  TNT  (2930)  and  Composition  B 
(3320). 


Conclusions 

1.  At  normal  densities  (1,78-1,80  g/om^)  the  detona¬ 
tion  velocity  of  DATE  is  about  7o00  m/see,  or  more  exactly, 
its  velocity  is  represented  by 

D  -  2480  +  2852^  (m/sec). 

At  a  density  equal  to  the  crystal  density  of  TNT 
(1,654  g/om3),  charges  of  DATB  have  a  detonation  velocity 
of  7200  m/see,  or  200  m/seo  greater  than  that  of  TNT  of 
the  same  density. 

2.  The  sensitivity  of  DATB  to  rapidly-applied, 
large-amplitude  shocks  (as  in  the  wedge  test)  Is  compar¬ 
able  to  that  of  cast  Composition  B,  This  contrasts 
strongly  to  its  behavior  under  slowly-applied,  low- 
amplitude  shocks  (as  in  the  drop-hammer  impact  test), 
where  it  is  much  less  sensitive  than  even  TNT, 

j,  xhe  shock  sensitivity  of  DATB  is  markedly  reduced 
even  for  rapidly-applied,  large-amplitude  shocks  by  the 
addition  of  only  3%  of  certain  plastic  binders. 

4,  In  the  wedge  test  (and  presumably  for  mechanical 
Impacts  of  a  similar  nature)  the  velocity  of  the  shock 
wave  passing  through  DATB  starts  at  4500-5000  ra/sec  and 
accelerates  to  a  value  exceeding  the  normal  detonation 
velocity  before  finally  settling  back  to  normal  detonation 
velocity.  In  this  regard  ,  DATB  behaves  similarly  to 
other  pressed  explosives,  which  also  exhibit  this  velocity 
"overshoot". 

5,  The  small  failure  diameter  of  DATB,  0,53  cm, 
appears  surprising  at  first  glance.  Its  very  large 
impact-hammer  50^  height  would  lead  one  to  expect  a  much 
larger  failure  diameter,  say  something  comparable  to  the 
1.3-cm  diameter  found  for  TNT^^.  However,  our  wedge  tests 
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Indicate  that  for  high  pressure,  rapidly-applied  shocks 
(such  as  It  might  also  receive  from  Its  own  detonation) 
the  sensitivity  of  DATS  Is  comparable  to  that  of 
Composition  B.  The  small  failure  diameter  lends  further 
support  to  conclusion  2  above,  since  the  failure  diameter 
of  Composition  B  la  approximately  0,4  iml5, 

6.  Using  water  as  a  calibrated  manometer,  the 
measured  Chapman-Jouguet  pressure  of  DATS  was  found  to  be 
257  4b,  thus  exceeding  that  of  TKT  by  about  4(^  (consider¬ 
ing  each  explosive  at  its  normally-obtalnable  charge 
density) . 


7.  Using  this  pressure  value,  the  isentroplc  exponent 
of  product  gases  from  LATE  at  the  detonation  front  Is 
calculated  to  be  3*02. 

a.  With  this  value  of  k,  the  energy  of  dstonaslon  of 
SATE  Is  calculated  from  equation  (10)  to  be  347  oal/g,  or 
some  3/^  less  than  the  value  of  875  oal/g  obtained  from 
Its  measured  heat  of  formation, 

9.  Ihe  plate-push  value  for  DATE  Is  3130  ft/aeo, 
about  6%  higher  than  that  of  TUT. 
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NON-STEADY  DETONATION  -  A  REVIEW  OP  PAST  WORK 


Sigmund  J.  Jacobs 
U.  S,  Naval  Ordnance  Laboratory 
White  Oak,  Sliver  Spring,  Maryland 


Introduction 


When  this  paper  was  Invited  for  presentation  at 
the  Third  Detonation  Symposium  (ONR,  NOL)  the  above  title 
was  given  as  the  subject.  It  was  pointed  out  that  the 
ground  to  be  covered  should  Include  effect  of  chemical 
reaction  rates  on  detonation,  l.e.,  transition  from  defla¬ 
gration  to  detonattlon,  growth  of  detonation  from  an 
Initiating  shock,  factors  affecting  the  failure  of  deto¬ 
nation,  and  failure  diameters.  This  fairly  well  covers 
the  scope  of  the  present  review.  One  might  argue  that  the 
effect  of  scaling  on  the  rate  of  detonation  In  charges  of 
constant  cross-section  should  also  be  Included  since  here, 
too,  there  Is  an  effect  of  reaction  rate  on  the  hydro¬ 
dynamics  of  the  flow.  Detonations  under  these  circum¬ 
stances  can  be  considered  as  steady  despite  the  fact  that 
the  reactions  are  perturbed  by  the  lateral  rarefaction. 

The  so-called  "diameter  effect"  will  therefore  be  briefly 
considered.  It  Is  apparent  to  most  of  us  that  the  area  of 
non-steady  detonations  Is  of  utmost  Importance,  Prom  a 
practical  point  of  view  It  Is  here  that  the  problems  of 
safety  on  the  one  extreme  and  reliability  on  the  other 
must  be  attacked.  Prom  the  scientific  point  of  view  It  Is 
an  area  of  challenging  problems.  At  one  time  not  too  long 
ago  the  "Theory  of  Detonation"  was  the  theory  of  steady 
flows.  Today  we  recognize  that  this  Is  only  a  special  ease 
of  a  much  broader  problem,  namely,  to  develop:  '"nie  Theory 
of  Non-steady  Plows  with  Exothermal  Reactions".  Before 
this  theory  can  be  spelled  out  unamblgucusly  we  must 
define  the  Important  variables  and  determine  their  prop¬ 
erties.  Some  of  the  variables  are  apparent,  some  are 
still  to  be  found.  Much  of  the  early  work  largely  con¬ 
cerned  with  shock  Initiation  suffered  from  lack  of 
understanding  of  the  amplitude,  position  and  time 
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variations  In  the  Initiating  shock.  There  was  further 
lack  of  even  qualitative  understanding  of  the  role  played 
by  rarefaction  naves.  Though  the  situation  la  somewhat 
better  today  there  la  still  a  tendency  In  some  of  the 
work  going  on  to  Ignore  the  Importance  of  these  factors. 
The  search  for  other  variables  of  Importance  Is  meanwhile 
going  on.  Ve  seem  to  have  a  need  to  go  beyond  the  simple 
concepts  of  grain  burning  theory  versus  homogeneous 
reaction  theory.  The  mechanism  for  the  chemical  reaction 
under  shook  seems  now  to  require  greater  sophistication. 

A  promising  area  of  study  seems  to  be  emerging  from  the 
disciplines  of  solid  state  physios  and  chemistry.  Mean¬ 
while  new  effects  are  being  discovered,  and  these  must 
be  fitted  Into  the  picture.  The  papers  of  Wlnnlng(l)  and 
Olbson,  et  al(2)  should  prove  to  furnish  Interesting  fo^ 
for  thought.  Recently  It  was  discovered  at  UCUIL  that  a 
solid  explosives  could  be  made  Inaenaltiye  to  detonation 
by  preshooktng  the  explosive.  A  detonation  was  found  to 
fall  If  It  entered  a  region  In  which  a  weak  shook  had 
already  passed.  The  observation  la  very  reminiscent  of 
what  has  bean  called  "dead  pressing''.  (Ihls  experiment 
will  be  Illustrated  later.)  The  results  of  this  new  work 
may  be  of  great  value  In  filling  out  the  picture  on  the 
shook  initiation  In  finite  cylinders.  Electrical  effects 
(conduction  and  charge  formation)  have  been  found  In 
dielectrics  Including  explosives  subjected  to  shock.  The 
consequences  of  these  effects  need  to  be  placed  in  proper 
perspective.  The  author  has  taken  advantage  of  this 
opportunity  to  collect  a  bibliography  of  the  papers  which 
he  has  found  useful  In  the  field  of  non-staady  dstons  n'fini- 


Early  Work 

It  has  long  been  known  that  detonation  could  be 
Initiated  by  the  effect  of  a  detonation  from  a  donor 
charge  separated  from  the  test  charge  by  an  air  gap  or  an 
inert  gap.  Most  detonators,  for  example,  are  cased  In 
metal  sheathes,  yet  they  can  cause  detonation  In  many 
explosives.  As  far  back  as  1931  a  bulletin  of  the  Bureau 
of  Mines (3)  described  a  gap  test  (air)  for  the  determi¬ 
nation  of  the  sensitivity  of  an  explosive  to  detonation  by 
Influence".  Thla  teat  Is  undoubtedly  much  older  than  the 
bulletin  date.  Other  early  gap  tests  have  been  cited  by 
Eyrlng,  et  al(4),  without  source  reference.  Prior  to  1944 
the  Interest  In  non-steady  effects  was  largely  tied  to 
practical  problems.  Tliere  was  work  on  minimum  booster 
requirements  and  work  on  failure  diameter.  A  few  smear 
camera  observations  were  made  on  fading  of  detonation. 

I  have  some  old  slides  by  Messerly  and  HacDougall  who 
worked  at  the  Bureau  of  Hines  (Bruceton)  on  an  OSKD 
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contract  showing  fading,  low  rate  detonatlon*and  the 
effect  of  Inert  gaps  on  the  propagation  of  detonation. 

It  was  about  the  end  of  1944  before  any  serious 
attempt  was  made  to  study  Initiation  of  solids  and  liquids 
by  shoolcs.  A  project  of  the  National  Research  Council 
(Canada)  to  study  initiation  by  shocks  was  undertaken  at 
this  time  by  Herzberg  of  the  University  of  Sa8katohew^”-i . 
Using  both  still  photography  (time  aVerage  observatlf'v) 
and  smear  photography  Herzberg  and  Wali».sr(5i  6)  b jcofl it 
to  light  a  number  of  Interesting  observations.  Uslbg 
"point”  Initiation,  the  point  being  a  detonator  or  a  cyltS' 
der  of  comparable  diameter  ('^/4  loch).  They  unambigu¬ 
ously  showed  the  existence  of  the  hook  In  smear  camera 
records  when  a  large  cylindrical  charge  was  initiated  at 
one  end  on  Its  axis.  When  the  detonator  was  moved  to  the 
edge  of  the  charge  a  "dark  sone"  was  apparent.  'Hiey  found 
that  cardboard  sheets  placed  between  the  detonator  and  the 
test  charge  caused  the  point  of  detonation  emergence  In  a 
receptor  charge  to  move  away  from  the  point  of  Initiation. 
They  found  the  orltloal  gap  at  which  no  detonation  would 
propagate  was  quite  sharp,  like  il  card  In  20  (see 
Eyrlng(4),  p.  139).  The  observation  of  the  nook  led 
Herzberg  to  the  hypothesis  that  a  displaced  center  of 
initiation  existed,  that  the  shook  from  the  detonator 
caused  a  "low  order"  detonation  to  propagate  Into  the 
acceptor  and  that  this  low  order  suddenly  Jumped  to  high 
order.  In  the  last  of  his  papers (6)  It  was  said  that  this 
was  a  new  kind  of  low-order  detonation.  One  sees  here  a 
groping  for  words  to  describe  a  phenomena  and  a  choice  of 
words  which  really  had  never  been  defined,  that  la,  "low 
oi^er  aeionavion  .  wnen  Herzberg  first  presented  a  dis¬ 
cussion  of  his  early  work  at  a  meeting  at  McOlll  Univer¬ 
sity  (Toronto)  late  In  1944  It  excited  considerable 
Interest  and  stimulated  Elizabeth  Boggs (7)  of  the  Explo¬ 
sives  Research  Laboratory,  ERL  (Bruceton)  Into  considering 
a  number  of  new  experiments  to  establish  the  facts  of  the 
"hook  effect".  She  first  set  down  a  number  of  working 
hypotheses.  These  centered  on  two  basic  conflicting 
arguments:  a)  the  displaced  center  argument  of  Herzberg, 
and  b)  a  propagation  theory  of  her  own.  The  latter  may 
be  paraphrased  as  follows;  "a)  The  wave  may  propagate  from 
the  'point'  of  Initiation  with  a  non-spherloal  front 
arising  from  variation  In  velocity  with  direction,  and 
b)  The  wave  velocity.  In  addition,  may  be  a  function  of 
distance  from  the  Initiating  point".  The  experiments 


♦  As  far  back  as  1928  records  of  this  type  had  been 
obtained.  E.  Jones(24)  reported  such  records  and.  Inci¬ 
dentally,  the  curved  front  In  normal  detonation  at  that 
date. 
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showed  clear  evidence  that  the  wave  In  TNT  was  not  propa¬ 
gating  as  a  true  spherical  front  and  that  the  wave  also 
varied  in  velocity  with  distance  and  direction.  The 
discussion  of  Boggs  anticipated  many  later  explanations. 

It  is  striking  that  neither  worker  ever  mentioned  rare¬ 
faction  wave  or  shock  wave  In  connection  with  their 
experiments.  It  seems  that  at  that  date  waves  with 
reaction  were  Just  called  detonations.  If  the  Ideas  of 
"shocks  with  reaction"  and  "rarefactions  with  reaction" 
are  Introduced  and  applied  to  the  Interpretation  of  the 
experiments  discussed  by  them  the  results  become  quite 
clearly  explained.  The  works  of  Herzberg  and  of  Boggs 
are  worthy  references.  They  contain  much  of  value  despite 
their  age.  Ground  covered  by  Herzberg  has  Included: 
a)  "Hook"  observations,  b)  Dark  zone,  c)  Preferential 
detonation  in  an  axial  direction  ("channel"  detonation), 
d)  Gap  test,  e)  Non-uniform  spreading  of  detonation  In 
liquids,  f)  Re -Initiation  after  fading  In  thin  layers  of 
explosive  detonated  at  a  center.  Boggs  has  described: 
a)  Acceleration  from  shock  to  detonation,  b)  Effect  of 
off-axis  propagation,  c)  Detonation  around  a  corner  or 
around  an  arc. 

During  the  war  Jones (8)  added  some  approximations  to 
the  Ideas  of  Prandtl-Meyer  flow  (see  ref,  9)  behind  a 
detonation  wave  to  estimate  the  perturbation  of  lateral 
rarefaction  on  the  detonation  velocity  In  cylinders  (the 
diameter  effect).  Eyrlng(lO,  11,  4)  used  theoretical 
arguments  to  show  that  the  detonation  In  cylinders  would 
have  a  curved  front  due  to  lateral  expansion  and  then 
developed  an  alternate  perturbation  theory  on  diameter 
effect.  In  addition  the  group  under  Eyrlng  at  Princeton 
undertook  to  explain  many  of  the  non-steady  effects  In 
detonation  by  use  of  approximate  theory.  Many  of  these 
approximations  can  now  be  Improved  upon  but  they  still  are 
useful  In  giving  a  mathematical  "feel"  for  the  problems. 
The  papers  remain  an  Interesting  and  useful  source  of 
Ideas.  Another  source  of  theoretical  concepts  Is  the  work 
of  Flnklesteln  and  Gamow(l2).  A  number  of  additional 
references  pertinent  to  the  early  work  on  non-steady  deto¬ 
nation  Is  to  be  found  In  a  recent  survey  paper  by  the 
author ( 13 ) . 

Post  World  War  II  Research 

The  period  1945-1950  saw  limited  activity  In  non¬ 
steady  detonations.  Eyster,  Smith  and  'Jalton(l4) 
developed  a  gap  test  In  which  wax  was  used  as  the  Inert 
barrier.  They  reported  50Jf  gaps  for  a  number  of  explo¬ 
sives.  They  explored  the  effect  of  gap  material  and 
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donor  charge  height  as  well.  The  result  of  the  work  gave 
U3  relative  values  for  minimum  shock  strength  needed  to 
Initiate  explosives  of  various  composition,  density  and 

r.tate . 


Bowden  stimulated  considerable  thought  on  explo¬ 
sive  Initiation  by  hta  papers  of  this  period.  The  work 
la  summed  up  in  Bowden  and  Yoffe(l5).  Of  particular 
Interest  Is  the  experimental  work  concerning  deflagration 
to  detonation  transition.  Deflagration  was  Initiated  by 
mild  Imnact  or  by  spark  discharge.  Along  similar  lines 
Roth(l6)  described  a  number  of  experiments  on  daflagratlon 
to  detonation  at  the  First  ONR  Symposium  on  Detonation, 

The  non-steady  aspects  of  detonation  were  touched  on  In 
several  other  papers  of  that  symposium.  The  following 
should  be  mentioned:  a)  Initiation  of  detonation  In  PETN 
by  an  exploding  wire  (Dewey) j  b)  Small  scale  gap  test, 
Anomalies  In  the  Detonation  of  Hydrazine  Mononitrate 
(Price);  o)  Comments  on  Chemical  Aspects  of  Detonation 
(Lewis);  d)  Non-statlonary  Detonation  Waver  in  Oases 
(Klatlakowaky ) ;  e)  Some  comments  on  the  reaction  zone  In 
detonation  of  finite  charges  (Jacobs);  f)  An  Introduction 
to  the  Qoranson  experiment  on  detonation  pressure  and 
shock  Hugonlots  for  solids  (Ablard);  g)  Boundary  Effects 
on  Detonation  Velocity  (Parlln  and  Eyrlng). 

An  Important  result  concerning  the  shook  to  deto¬ 
nation  transition  was  found  by  Mooradlan  and  Gordon (17) 
in  a  study  on  gases.  They  observed  that  both  the  shock 
front  velocity  and  peak  pressure  increased  in  the  reactive 
gas  after  entry  of  a  shook  Isadlns-  'n  mc-isr 
'^oversnoof ;  l.e.,  a  value  In  excess  of  that  for  a  steady 
detonation.  They  remarked; 

"There  can  be  little  doubt  that  the  pressure  rise 
behind  the  shook  front  is  due  to  combustion  of 
the  gases  In  this  region.  Flames  situated  some 
distance  behind  a  shock  front  have  often  been 
observed  photographically.  The  gas,  compressed 
and  heated  in  the  shock  front,  begins  to  react 
slowly,  and  the  reaction  accelerates  from  self¬ 
heating.  Accompanying  the  rise  In  pressure  due 
to  the  combustion,  there  will  be  a  flow  of  gas 
out  of  the  burning  region.  This  gas  flov;  will 
serve  to  reinforce  the  shock  wave,  which,  thus 
Intensified,  will  initiate  a  still  more  rapid 
combustion  In  the  fresh  gas.  Thus  the  effect  can 
be  rapidly  accumulative,  until  at  some  point, 
presumably  when  the  shock  wave  Is  sufficiently 
strong,  the  phenomenon  takes  on  the  characteristics 
of  a  detonation,  In  this  "build-up"  period.  Just 
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prior  to  detonation,  pressures  considerably 
higher  than  the  stable  detonation  pressure 
sometimes  appear,- — ", 

This  observation  and  interpretation  for  gaseous  initiation 
appears  applicable  to  the  shock  Initiation  of  solids  and 
liquids  as  well.  (See  comments  by  the  wrlter(l8).  Many 
other  workers  have  independently  arrived  at  the  same  con¬ 
clusion.) 

In  the  course  of  studies  on  the  shock  Initiation  of 
nltromethane  at  Los  Alamos  an  Interesting  experiment  was 
devised  by  T.  P,  Cotter (19)  to  observe  the  time  of  Initial 
shock  entry  into  a  bath  of  the  explosive,  the  luminosity 
developed  by  reaction  as  a  function  of  time  and  the  shock 
pressure  responsible  for  the  Initiation,  The  transparent 
liquid  was  shocked  by  an  oblique  shock  through  a  barrier 
containing  a  mirrored  surface.  The  experiment  was  arranged 
so  that  light  from  a  region  already  reacting  reflected  off 
the  mirror  Into  a  smear  camera.  The  time  of  shock  entry 
was  clearly  obtained  In  this  way  by  light  cut-off.  Later 
the  camera  sees  light  due  to  reaction.  Varying  the  barrier 
thickness  permitted  observations  on  "induction  time"  vs, 
shock  amplitude.  The  use  of  velocity  synchronization  of 
the  phase  velocity  across  the  boundary  to  the  smear  camera 
velocity  sharpened  up  the  details  considerably.  Shock 
strengths  were  determined  in  separate  experiments  by  using 
reflected  light  Intensity  at  the  shock  front  to  determine 
the  Index  of  refraction  of  the  shocked  explosive.  Index 
changes  were  related  by  the  Lorenz  law  to  the  density  In 
the  shocked  liquid.  Control  experiments  with  Luclte 
showed  the  Index  of  refraction  measurements  to  give  den¬ 
sities  In  agreement  with  those  found  by  more  conventional 
methods.  In  nltromethane  mixtures  the  records  showed  a 
dark  zone,  an  abrupt  change  to  a  zone  of  moderate  light 
intensity  followed  by  a  second  abrupt  change  to  a  high 
luminosity  which  gradually  decayed  to  a  steady  value.  In 
Interpreting  the  records  Cotter  made  no  distinction  as  to 
where  the  luminosity  was  arising  in  relation  to  distance 
from  the  boundary.  He  Interpreted  the  brightest  flash  as 
Indicating  quite  nearly  the  time  to  complete  reaction. 

The  earlier  Intensity  Increase  was  hypothesized  to  be  due 
to  partial  reaction.  Times  from  shock  entry  to  either 
light  change  are  proportional  to  each  other  so  that 
selecting  either  as  an  Induction  time  would  cause  no  great 
error  In  interpreting  the  records  in  terms  of  an  Arrhenius 
equation  for  chemical  reaction,  Chalken(20)  has  raised 
a  question  as  to  the  Interpretation  of  the  observed  time 
of  peak  luminosity.  He  has  suggested  (and  there  Is  good 
argument  to  follow  his  suggestion)  that  the  peak  luminos¬ 
ity  arises  from  a  detonation  In  pre-shocked  explosive 
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overtaking  the  shock  front.  The  decay  to  normal  luminosity 
Is  then  easily  explained  as  the  decay  of  an  overdriver 
detonation.  The  first  luminosity  to  appear  has  been  sug¬ 
gested  by  Chalken  to  be  light  from  a  detonation  originating 
at  the  Interface  with  the  shock  degrading  mirror,  (A  paper 
by  Chalken (21)  at  the  3rd  Detonation  Symposium  Indicates 
that  he  will  discuss  this  point  In  greater  detail.) 

A  question  raised  by  this  Interpretation  is  "why  should 
the  luminosity  of  a  shock  in  a  precompressed  region  be  less 
than  that  In  an  uncompressed  region?"  One  answer  suggested 
Is  that  the  temperature  of  this  detonation  Is,  In  fact, 
lower  than  that  of  a  normal  detonation.  This  could  be  the 
case  If  the  Internal  energy  in  a  highly  compressed  medium 
Is  very  large.  Many  workers  on  equation  of  state  believe 
this  Is  so.  The  paper  by  Cotter  makes  interesting  reading. 
It  contains  many  novel  Ideas  and  techniques  for  the  study 
of  detonation  phenomena. 

Smear  camera  records  of  the  Initiation  of  an  explo¬ 
sive  (Pentollte)  by  an  air  shock  from  a  donor  charge  were 
discussed  by  Sultanoff  and  Ballley{32)  In  a  BRL  Report, 

It  was  shown  that  the  steady  detonation  trace  In  the 
acceptor  (seen  on  the  charge  surface)  when  extrapolated 
back  to  the  air-acceptor  boundary  always  Indicated  a  time 
later  than  the  time  of  arrival  of  the  air  shock  at  the 
boundary.  Through  this  observation  the  expression 
"delay-time"  seems  to  have  been  coined.  Delay  times  were 
reported  for  several  air  gap  distances,  A  later  paper  from 
BRL  by  McVey  and  Boyle (33)  extends  the  work  on  "sympathetic 
detonation"  to  Composition  B.  The  Sultanoff  paper  contains 
a  few  flash  radiographs  of  the  Initiation  of  the  acceptor. 
It  Is  unfortunate  that  the  reproductions  are  rather  poor 
because  the  technique  should  be  of  great  value  In  answering 
some  key  questions  concerning  the  flows  occurring  behind 
the  initial  shock. 

At  the  27th  International  Congress  of  Industrial 
Chemistry  (Brussels,  195^)  two  papers  of  Interest  were 
presented.  Shamgar(22)  describes  a  gap  test  similar  to 
that  of  Eyster,  To  show  the  precision  of  the  cut-off  gap, 
data  was  presented  on  the  percentages  of  detonations  vs, 
gap  height  using  20  trials  at  each  of  seven  gap  heights. 

The  data  shows  a  normal  distribution  In  the  frequency  of 
detonations  for  both  TNT  and  Pentollte,  The  standard 
deviation  of  the  505^  point  Is  about  of  the  critical 
gap.  Winning  and  Sterllng(23)  presented  some  Interesting 
Argon  flash-bomb  photographs  on  the  Initiation  of  Pentollte 
cylinders  by  spherical  shocks  In  water  from  the  detonation 
of  a  Pentollte  sphere  initiated  at  its  center.  Features 
of  the  shocks  and  product  of  detonation  are  clearly  seen 
for  various  stages  of  the  Initiation  process. 
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It  was  about  the  time  of  the  Second  ONR  Symposium 
on  Detonation  (February  1955)  that  we  began  to  see  an 
upsurge  of  Interest  In  the  study  of  non-steady  detonations. 
By  this  time  a  "feel"  had  been  acquired  for  hydrodynamlcal 
problems  associated  with  detonation  through  the  work  of 
Gorenson,  Walsh,  Schall,  and  Pack  to  mention  a  few  of  many 
contributors.  (See  reference  13  for  bibliography).  The 
Idea  of  reaction  In  shocks  and  rarefaction  waves  was 
beginning  to  replace  the  ambiguous  concept  of  low  order 
detonation.  At  the  Second  ONR  Symposium  on  Detonation 
a  paper  given  by  Kirkwood  and  Wood (25)  described  the 
structure  of  steady  state  plane  detonation  waves  with 
finite  reaction  rates  In  formal  mathematical  terms. 

A  second  paper  on  diameter  effect (26)  was  discussed  by 
these  authors  with  equal  formalism.  A  particularly  Inter¬ 
esting  report  on  non-steady  effects  In  the  detonation  of 
liquids  and  single  crystals  was  presented  by  Campbell, 

Malln  and  Holland(27).  ISiey  described  failure  waves  In 
nltrome thane,  showed  the  effect  of  thin  foils  In  sustaining 
detonation.  Illustrated  a  failure  In  detonation  In  nltro- 
methane  on  emerging  Into  a  large  container  after  propa¬ 
gating  In  a  tube  and  described  the  first  wedge  experiment 
to  observe  the  transient  wave  propagation  when  a  single 
crystal  of  PETN  was  shocked  by  a  plane  shock  wave.  ^Is 
latter  experiment  showed  Initially  a  shock  In  the  crystal 
(it  was  called  low-order  detonation)  followed  by  an  over¬ 
shoot  In  velocity  which  subsequently  dropped  back  to  normal 
detonation  velocity.  The  result  Is  strikingly  similar  to 
that  described  by  Mooradlan  and  Gordon  for  gases.  An 
amplification  of  the  single  crystal  experiment  appears  In 
reference  28.  Some  very  precise  measurements  on  the 
effect  of  particle  size  and  diameter  on  detonation  velocity 
were  presented  by  Malln,  Campbell  and  Mautz(29).  New 
experimental  evidence  on  the  low  velocity  detonations  In 
liquids  and  loose  solids  was  presented  by  G\irton(30). 

Dewey (31)  reported  on  the  results  of  projectile  impact  In 
Initiating  detonation.  The  most  significant  conclusion 
In  this  paper  was  that  when  blunt  nosed  cylinders  were  fired 
at  the  explosive  the  velocity  of  Impact  to  cause  detonation 
was  Independent  of  the  projectile  length  but  dependent  on 
Its  diameter.  The  shortest  projectile  used  was  1/2"  long. 
Diameters  were  0.3  and  0.3".  Work  by  Whitbread  and  his 
associates  to  be  described  later  confirmed  this  result 
and  added  significantly  to  Its  Interpretation. 

A  classified  meeting  concerned  with  detonation 
wave  shaping  held  at  the  Jet  Propulsion  Laboratory  In 
June  1930  brought  out  several  unclassified  papers  on  shock 
Initiation  and  a  lively  discussion  on  the  subject. 
HaJowlez(34)  described  an  experiment  In  which  pellets  of 
explosive  were  Initiated  by  an  oblique  shock.  The 
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**delay-tlme"  was  correlated  with  the  surface  velocity 
Induced  In  an  aluminum  gap  when  the  explosive  pellet  was 
not  present.  SultanoffT35)  showed  both  smear  and  framing 
camera  records  of  the  Initiation  of  an  acceptor  through 
air  and  steel  for  both  end  shocks  from  a  donor  and  oblique 
shocks  In  a  sandwich  arrangement.  The  latter  showed  the 
arrival  of  the  shock  In  the  acceptor  quite  clearly  by  a 
surface  effect  and  showed  break-out  of  detonation  to  occur 
at  a  point  removed  from  the  Interface  as  Is  customarily 
observed  for  axially  symmetric  donor-gap-acceptor  arrange¬ 
ments.  Cosner  and  Sewell (36)  presented  smear  camera 
results  on  the  Initiation  of  cylindrical  Composition  B 
charges  by  cylindrical  donors  through  blocks  of  steel  of 
varying  thickness.  The  charges  were  2-1/8  Inch  diameter, 

3  Inches  long  and  the  barrier  plates  were  7"  diameter.  It 
was  found  that  break-out  of  detonation  In  the  acceptor 
occurred  as  far  as  68  mm  (over  2-1/2  Inches)  from  the 
acceptor-barrier  Interface.  An  unusual  result  was  that 
within  experimental  error  the  break-out  distance  for 
varying  barrier  plate  thickness  was  linear  with  time 
reckoned  from  the  time  of  entry  Into  the  acceptor  In  the 
range  of  15  to  68  turn  from  the  Interface.  The  apparent 
velocity  of  the  primary  wave  deduced  from  the  slope  of 
the  break-out  distance-time  curve  was  given  as  2.5^ 

a  value  very  nearly  that  of  an  acoustic  wave^ 
l.e.,  a  wave  of  low  pressure  amplitude  which  could  be 
either  an  elastic  or  a  plastic  wave.  The  results  of 
Cosner  and  Sewell  have  been  verified  by  other  workers 
(41,  42,  45)*  An  Impromptu  discussion  of  the  shock  to 
detonation  transition  was  presented  by  the  writer  at  this 
meetlng(l8).  The  problem  was  primarily  discussed  In  one- 
dlmenslonal  hydrodynamic  terms  because  under  these  con¬ 
ditions  the  description  of  the  flow  and  compression  effects 
Is  considerably  simplified.  In  essence  It  was  postulated 
that  the  temperature  rise  accompanying  compression  due  to 
the  shock  entering  an  explosive  Initiated  a  reaction  first 
at  the  boundary  to  the  barrier  and  later  behind  the  shock 
as  It  progressed.  When  significant  reaction  Is  complete 
at  the  boundary  It  will  result  In  additional  temperature 
rise  and  a  pressure  Increase.  The  temperature  rise 
accelerates  the  reaction;  the  pressure  Increase  propagates 
as  a  wave  to  accelerate  the  shock  In  a  manner  as  previously 
quoted  from  Mooradlan  and  Gordon.  Eventually  the  reaction 
Is  so  fast  that  at  some  point  In  the  medium  a  true  deto¬ 
nation  Is  formed.  It  may  develop  as  a  continuous  acceler¬ 
ation  of  the  shock  front  or  It  may  develop  behind  the 
primary  shock  and  overtake  the  latter.  In  the  event  that 
a  high  pressure  wave  develops  behind  the  primary  shock  It 
Is  probable  that  the  wave  front  will  temporarily  exper¬ 
ience  an  "overshoot”  In  velocity,  l.e,,  an  overdriven 
detonation  Is  formed.  This  overdriven  wave  will  then 
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decay  to  a  normal  detonation  for  lack  of  support.  It  was 
pointed  out  that  In  the  Initiation  of  cylinders  one  must 
add  the  effect  of  rarefaction  waves  due  to  lateral  expan¬ 
sion.  Transition  to  detonation  appears  to  be  a  competition 
between  acceleration  effects  on  the  shock  wave  due  to 
reaction  and  decelerating  effects  due  to  rarefaction.  The 
same  thesis  had  been  voiced,  though  In  less  detail.  In  the 
Cosner-Sewell  paper.  It  has  apparently  been  accepted.  In 
principle,  by  most  workers  In  the  field.  In  extending 
this  theory  to  apply  to  finite  charges  only  rarefaction 
effects  have  seemed  to  be  required  as  a  dominant  variable. 
A  few  workers,  notably  the  explosives  group  at  Utah  Univer¬ 
sity,  have  held  to  the  theory  that  long  range  heat  transfer 
Is  a  dominant  factor  In  the  growth  of  detonation  from  a 
shock.  The  papers  of  this  group  first  considered  heat 
transfer  throu^  the  barrier  plate  as  a  necessai*y  condition 
for  detonation.  As  a  consequence  their  papers  have 
repeatedly  referred  to  the  barrier  as  a  "shock  pass  heat 
filter".  Later  the  Idea  of  a  heat  pulse  from  the  donor 
seems  to  have  been  dropped  in  favor  of  a  heat  pulse  from 
the  early  reaction  at  the  boundary.  To  account  for  a 
strong  thermal  pulse  observations  which  Indicate  that 
strong  shocks  cause  the  explosive  medium  to  become  an 
electrical  conductor  (formation  of  a  metallic  state)  are 
used.  In  applying  these  arguments  the  "heat  pulse"  seems 
to  have  been  given  properties  not  described  by  the  usual 
heat  conduction  equations.  Recent  theoretical  work  being 
reported  by  Enlg  based  on  the  Navler-Stokes  equation 
(equations  of  motion  with  heat  transfer  and  viscosity 
Included)  lead  us  to  believe  that  even  abnoxnnally  large 
heat  transfer  coefficients  cannot  cause  the  thermal  term 
In  the  equations  to  take  precedence  over  the  momentum 
terms  In  determining  the  transient  flow  or  the  reaction. 
Heat  transfer  Is  a  contributing  factor  whenever  a 
surface  burning  reaction  Is  present.  It  has  been  found 
to  have  some  small  effect  In  rounding  off  the  shock  fronts 
but  this  appears  to  be  extremely  short  range  In  the 
mathematical  analysis. 

The  reactions  taking  place  behind  a  shock  wave 
can  be  considered  as  deflagrations  If  one  chooses. 

Courant  and  Friedrichs  (reference  9,  p,  208)  have  dis¬ 
cussed  deflagrations  In  this  sense.  They  go  even  further 
to  show  a  Chapman- Jouguet  detonation  as  a  combination  of 
a  shock  and  a  Chapman- Jouguet  deflagration.  We  could 
therefore  call  a  shock  Initiation  event  as  a  transition 
from  non-CJxto  CJ  deflagration  behind  a  shock.  When  the 
workers  studying  potential  runaway  of  the  burning  In 
solid  propellants  coined  the  amusing  letters  DDT  they 
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Implied  a  definition  which  referred  to  transition  from 
flame  Initiated  burning  to  detonation.  Since  DDT  has 
now  been  given  more  than  one  meaning  It  seems  necessary 
that  the  specific  meaning  be  more  precisely  spelled  out. 

In  May  ot  1957  the  Royal  Society  (London)  sponsored 
a  "Discussion  on  'the  Initiation  and  Growth  of  Explosion  in 
Solids”  under  the  leadership  of  Dr.  F,  P.  Bowden(37). 

Seven  paoers  were  presented  on  the  growth  of  explosion. 
Yoffe(38)  confined  his  remarks  largely  to  growth  of  explo¬ 
sion  from  small  centers  In  primary  materials.  He  pointed 
out  the  Importance  of  break-up  of  crystals  In  reaction  of 
solids.  This  may  be  a  worthy  clue  to  follow  In  regard  to 
some  of  the  yet  unexplained  details  In  the  Initiation  of 
cylindrical  acceptors  by  relatively  weak  shocks,  Andreev 
(39)  also  pursued  the  thesis  of  break-up  In  the  Initiation 
of  solids,  suggesting  that  fast  reaction  rates  develop  due 
to  a  suspension  of  solid  explosive  In  the  gaseous  products. 
His  arguments  concerning  charges  of  low  bulk  density 
require  no  mechanism  for  break-up  since  the  porosity  Is 
already  present.  In  this  case  the  discussion  resembles 
that  of  Klstokowsky (58) ,  He  suggests  that  liquids  can 
form  droplets  near  a  shock  front  due  to  Instability  and 
turbulent  effects.  The  remarks  made  seem  well  worth 
considering  In  regard  to  both  shock  to  detonation  transition 
and  In  regard  to  the  runaway  deflagration  of  explosives 
and  propellants. 

Various  aspects  of  the  donor-gap-acceptor  experi¬ 
ment  were  discussed  In  the  5  remaining  papers,  Cachla 
and  Will  thread  (40)  discussed  details  of  a  small  scale  gap 
test.  They  Indicate  how  the  shock  pressure  decays  with 
distance  In  a  brass  cylinder  shocked  by  a  donor  charge 
and  show  examples  of  shock  velocity  acceleration  and  decay 
In  acceptor  charges.  Their  theory  of  the  mechanism  of 
shock  initiation  parallils  the  picture  previously  dis¬ 
cussed,  Elchelberger  and  Sultanoff (4l)  describe  gap  tests 
with  smear  and  framing  cameras  and  point  out  that  Initi¬ 
ation  by  Impact  from  a  high  speed  projectile  produces  the 
same  transition  history  as  does  the  shock  from  an  Inert 
barrier.  The  discussion  supports  the  theory  on  Initiation 
already  mentioned.  Air  shock  pressures  from  donor  charges 
were  given.  They  show  an  apparent  order  of  magnitude 
difference  between  amplitude  of  shocks  through  air  and 
shocks  through  solids  In  the  Initiation  of  an  acceptor. 

This  apparent  difference  Is  likely  to  vanish  when  reflected 
pressures  and  subsequent  pressure  bulld-up  due  to  gas  flow 
from  the  donor  Is  taken  Into  consideration.  Further 
evidence  confirming  the  findings  of  Cosner  and  Sewell  are 
to  be  found  In  the  paper  by  Cook,  Pack  and  Gey (42). 

A  later  paper  by^thls  group  and  L.  N.  Cosner(45)  amplifies 
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on  the  experimental  work  and  discusses  the  "heat  pulse" 
hypothesis. 

Mallow  and  Skidmore (43)  used  a  pin  probe  method 
to  determine  the  shock  front  velocity  In  both  gap  material 
and  acceptor  charge  of  a  typical  gap  experiment.  Prom 
their  measurements  shock  pressure  In  the  gap  material 
(steel  or  aluminum)  was  determined  as  a  function  of 
"initiation  delay".  Application  of  Impedance  conditions 
between  barrier  and  acceptor  Indicated  that  a  20  kllobar 
peak  pressure  In  the  explosive  (Composition  B)  was  about 
the  lower  limit  for  causing  detonation  In  2  Inch  diameter 
charges.  They  Inferred  that  both  peak  pressure  and  the 
shape  of  the  pressure  decay  behind  the  shock  wave  are 
Important  In  determining  the  transition  to  detonation. 

The  conditions  for  bulld-up  to  detonation  are  Interpreted 
In  terms  of  the  model  In  which  competition  of  rarefaction 
waves  and  reaction  effects  determine  whether  the  shock 
will  accelerate  to  a  detonation.  Wlnnlng(44)  described 
some  new  experimental  work  following  the  underwater  shock 
methods  previously  used  by  hlm(23).  The  experimental 
arrangement  using  a  spherical  donor  charge  In  a  large  water 
bath  Is  particularly  attractive  because  the  shock  wave  in 
the  water  has  spherical  symmetry.  Consequently  the  peak 
pressure  and  the  pressure-time  relation  behind  the  shock 
can  be  defined  with  precision.  Winning  has  used  the 
results  published  In  Cole's  "Underwater  Explosions" 
(Princeton  Press,  1948)  to  define  pressure  In  the  water 
with  distance.  Somewhat  better  results  could  be  obtained 
today  by  using  the  shock  velocity  In  the  water  and  the 
better  Hugonlot  equation  of  state  for  water  which  Is  now 
available.  The  data  Indicate  that  shock  pressure  of  the 
order  of  10  kllobars  In  the  water  will  Initiate  detonation 
In  the  50/50  Pentollte  charges  Investigated,  A  number  of 
experiments  with  modified  boundaries  near  the  acceptor 
are  described. 

The  gap  experiments  used  by  most  Investigators 
yield  useful  results  on  relative  shock  sensitivity  and 
permit  one  to  see  qualitative  features  of  the  processes 
taking  place.  They  are  difficult  to  interpret  quantita¬ 
tively  In  terms  of  pressure  vs.  time  since  the  waves  and 
flows  in  both  barrier  and  acceptor  are  Influenced  by  both 
lateral  rarefactions  and  rarefactions  in  the  direction  of 
the  donor  charge  (the  so-called  Taylor  wave).  Though 
more  difficult  to  perform,  experiments  with  large  donor 
charges  which  are  plane  wave  Initiated  should  be  easier 
to  Interpret  since  cne-dimenslonal  hydrodynamic  equations 
should  be  very  nearly  applicable  to  their  analysis.  The 
wedge  experiment  of  references  27  and  28  and  the  large 


Unclassified 


137 


Confidential 


Jacobs 


scale  experiment  of  reference  19  suggested  to  Majowlcz  and 
Jacobs (46)  a  method  for  observing  the  shock  to  detonation 
transition  In  essentially  a  one-dlmenslonal  system.  In 
order  to  be  able  to  work  with  weak  shocks  In  the  acceptor 
and  to  apply  the  method  to  relatively  opaque  solids  a 
wedge  experiment  was  devised  In  which  the  arrival  of  a 
shock  on  a  25°  wedge  of  acceptor  was  signalled  by  the 
Interruption  of  light  reflected  from  an  exploding  wire  by 
a  metallized  plastic  film  attached  to  the  surface.  The 
shallow  wedge  angle  of  25^  makes  it  almost  certain  that 
the  surface  blow-off  after  shock  arrival  on  the  thin  side 
of  the  wedge  will  not  perturb  subsequent  shock  and  reaction 
effects  associated  with  the  remainder  of  the  shocked 
explosive.  Smear  camera  records  were  made  of  both  the 
boundary  effect  In  the  acceptor  wedge  and  the  motion  of 
the  barrier  plate  through  which  the  explosive  was  shocked. 
This  gives  sufficient  data  to  determine  points  on  the 
non-reaction  Hugonlot  for  the  explosive  as  well  as  to 
determine  the  progress  of  the  shock  wave  In  Its  transition 
to  detonation.  Much  as  predicted  the  transition  In  several 
cast  explosives  appears  as  a  continuous  bulld-up  to  deto¬ 
nation  velocity  without  overshoot.  In  some  solids  more 
recently  studied,  e.g,  TNT  and  Composition  B  at  about 
90^  of  theoretical  density  the  transition  Involved  an 
overshoot  to  a  velocity  In  excess  of  normal  followed  by  a 
decay  to  normal  detonation  velocity.  This  result  Is  very 
much  like  that  described  In  reference  28  for  a  single 
crystal  of  PETN.  The  Hugonlot  data  published  In  reference 
46  was  later  found  to  be  In  error  due  to  a  drop-off  In 
free  surface  velocity  of  the  barrier  plate  In  the  region 
where  the  measurement  was  made.  A  second  error  was  Intro¬ 
duced  by  using  shock  Impedance  relations  to  determine  the 
Initial  particle  velocity  and  pressure  In  the  acceptor 
explosive.  After  correcting  the  data,  using  the  measure¬ 
ments  of  Drlmmer  for  the  free  surface  velocity  of  the 
brass  barrier  and  Walsh's  data  for  the  Hugonlot  of  brass 
It  Is  found  that  the  shock  pressures  for  the  HE  previously 
quoted  should  be  reduced  by  approximately  20^,  The  com¬ 
pressed  density  will  also  decrease.  Details  will  be 
reported  In  the  unclassified  write-up  to  be  Issued  In  the 
not  too  distant  future. 

A  classified  conference  on  explosive  sensitivity 
held  at  NOL  In  1957  resulted  In  several  papers  on  shock 
Initiation.  These  may  be  found  In  Reference  47.  One 
report  (Rice  and  Levine)  will  be  singled  out  because  It 
describes  a  new  approach  to  the  study  of  the  effect  of 
shocks  on  chemical  decomposition.  A  perchlorate  poly- 
urethan  propellant,  1"  square  cross-section,  was  subjected 
to  a  modest  shock  from  a  1-5/8”  diameter  plane  wave 
booster  (barltol-pentollte)  through  1  Inch  of  steel. 
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The  shocked  charge  was  recovered,  sectioned,  and  analyzed. 
It  was  found  that  the  amount  of  perchlorate  In  the  samples 
had  decreased;  the  greatest  decrease  occurring  at  points 
In  the  charge  where  the  shock  amplitude  would  have  been 
greatest.  The  shocks  were  much  too  weak  to  have  resulted 
In  appreciable  temperature  rise  on  the  average.  One  must 
conclude  that  local  regions  had  been  subjected  to  suf¬ 
ficiently  high  energy  to  cause  decomposition.  Hot  spots 
were  postulated  as  being  formed.  One  should  not  rest  with 
this  conclusion.  Local  Inhomogeneltles  can  cause  shears 
or  fractures  and  these  could  be  the  means  of  hot  spots  for 
motion. 


The  mechanism  for  build  up  t<^  detonation  from  shock 
has  been  one  of  the  problems  undertaken  by  Aernutronlcs 
under  a  Bureau  of  Ordnance  Contract  on  the  "Study  of 
Detonation  Behavior  of  Solid  Propellants".  Their  first 
and  second  Quarterly  Reports (48)  describe  the  computation 
of  shock  to  detonation  transition  in  a  one  dimensional 
model  based  on  the  equations  of  motion  without  heat  trans¬ 
fer  and  viscosity  terms  and  based  on  an  Arrhenius  equation 
for  chemical  reaction.  Although  the  number  of  points  used 
In  a  von  Neumann  Rlchtrayer  approach  to  the  numerical  solu¬ 
tion  Is  small,  the  results  show  clearly  the  onset  of 
reaction  at  the  point  where  the  shock  begins  and  a  reactive 
wave  overtaking  the  primary  relatively  unreactlve  shock. 

Two  examples  are  shown  in  which  the  initial  pressure  pulse 
is  cut  off  after  a  time,  ,  They  show  a  distinction 
between  failure  to  detonate  and  build-up  to  detonation. 

The  time  difference  is  very  small  in  the  examples  chosen 
being  ■  0.70  ^  sec  as  sufficient  to  establish  a  deto¬ 
nation  and  ^  ■  0.69  for  failure  to  detonate.  The  work  was 
subsequently  published  by  Hubbard  and  Johnson(49).  Later 
work  under  this  contract (9O)  has  Included  a)  the  varying  of 
the  parameters;  b)  introduction  of  a  model  for  decomposi¬ 
tion  combining  homogeneous  and  surface  burning  reaction  in 
competition  with  each  other;  c)  addition  of  dissipation 
to  simulate  lateral  expansion;  and  recently  d)  an  attempt 
to  Introduce  heat  transfer  and  viscosity  terms  in  the 
equation  of  motion.  At  this  stage  of  the  work  it  is  quite 
evident  that  the  build-up  to  detonation  can  be  demonstrated 
mathematically  without  recourse  to  the  inclusion  of  heat 
transfer  or  viscosity  effects. 

Brown,  Steel  and  Whitbread ( 51 )  reporting  on  the 
impact  of  metal  cylinders  to  initiate  explosives  showed 
that  the  velocity  for  50$^  probability  of  detonation  was 
independent  of  length  until  the  length  was  in  the  vicinity 
of  1/4  to  1/10  of  the  diameter.  For  3  metals  at  a  given 
diameter  it  was  shown  a)  that  the  time  for  sustaining  the 
shock  to  effect  detonation  in  the  explosives  was  independent 
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of  the  metal  used^,  and  b)  the  amplitude  of  the  shock  In 
the  explosive  was  also  Independent  of  the  metal  used. 

This  result  may  be  taken  as  experimental  evidence  of  the 
amplitude-time  dependence  for  go-no  go  predicted  by 
numerical  calculations  as  cited  above.  The  critical 
thickness  In  cylinder  impact  at  a  given  velocity  is  Indic¬ 
ative  of  the  condition  that  for  long  cylinders  lateral 
rarefaction  In  either  the  HE,  or  the  metal,  or  both  deter¬ 
mine  the  effective  duration  of  the  pressure  pulse.  For 
thin  disks  the  thickness  determines  the  pulse  duration. 

The  critical  cylinder  height  may  be  assumed  as  that  at 
which  rarefactions  from  the  rear  are  strongly  adding  to 
the  lateral  rarefaction  to  quench  reaction  build-up.  One 
would  expect  for  higher  Impact  velocities  In  a  given 
diameter  that  the  back  rarefaction  would  become  completely 
controlling. 

In  the  studies  of  detonation  propagation  and  also 
In  shock  Initiation  some  unusual  effects  have  been 
reported.  In^dlscusslon  of  the  card  gap  test  using  nltro- 
raethane  as  the  acceptor.  Van  Dolah  and  his  coworkers (52) 
showed  the  50^  gap  was  Increased  when  aluminum  was  sub¬ 
stituted  for  steel  as  the  confining  tube.  Both  tubes  were 
of  equal  wall  thickness.  One  might  attribute  this 
reversal  of  expectation  to  a  catalytic  effect  of  the 
aluminum.  In  another  report  by  this  group(53)  on  an 
amlne-nltrlc  acid  mixture,  however,  one  finds  that  the  gap 
height  Is  also  Increased  when  the  wall  thickness  of  alu¬ 
minum,  steel  and  glass  Is  decreased.  This  result  suggests 
that  either  a  flow  effect  at  the  boundary  between  the 
acceptor  and  the  container  or  a  rarefaction  may  be  respon¬ 
sible  for  the  apparent  Increase  In  sensitivity.  Adams, 
Holden  and  Whitbread (54 )  reporting  on  the  shock  Initiation 
of  single  crystals  of  RDX  have  shown  a  related  anomaly. 
They  found  Instances  In  which  the  crystal  was  Initiated  at 
the  free  boundary  of  the  crystal.  They  suggest  fracture 
and  spalling  Into  air  as  a  possible  explanation  of  their 
result.  Winning (55,  1)  has  found  a  case  In  which  nitro¬ 
glycerine  was  not  Initiated  by  the  shock  from  a  detonator 
or  through  a  gap  buc  In  which  subsequent  Initiation 
occurred  In  a  region  where  rarefactions  from  the  lightly 
confined  boundaries  was  undoubtedly  present.  Similar 
results  were  found  by  the  Bureau  of  Mines  group(2). 

An  opposite  effect  has  been  found  by  a  number  of 
workers.  Johansson,  et  al(56)  found  that  detonation  In  a 
dynamite  charge  In  a  polyethylene  tube  of  greater  Inner 
diameter  than  the  charge  diameter  could  be  quenched  after 
Initiation.  The  effect  was  explained  by  noting  that  air 
shocks  could  travel  ahead  of  the  detonation  and  precompress 
the  charge.  This  explanation,  which  appears  to  be  correct. 
Indicates  that  for  mild  compressions  the  effect  of  change 
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In  density  due  to  compression  can  more  than  offset  the 
adiabatic  heating  In  determining  whether  a  detonation  will 
propagate  In  a  given  diameter.  More  recently  a  similar 
but  even  moi’e  unexpected  result  was  found  by  workers  at 
UCLRL  (Welngart  and  Eby).  A  follow-up  on  the  latter  work 
by  Llddlard  and  Drlmmer(57)  has  confirmed  that  detonation 
In  thin  layers  of  duPont's  EL-506  could  be  quenched  when 
the  detonation  encountered  a  region  In  which  a  shock  of 
about  10-20  kllobars  peak  amplitude  was  traveling.  The 
Livermore  group  has  actually  recovered  part  of  the  explo¬ 
sive  In  these  experiments.  These  results  lend  further 
evidence  to  the  Interpretation  that  mild  shock  compression 
In  solids  can  reduce  the  sensitivity  to  subsequent  shock 
of  high  amplitude.  Work  on  a  liquid  explosive  has  not 
produced  as  clean-cut  a  result. 


Detonations  from  Deflagatlng  Explosives  or  Propellants 

The  use  of  large  rocket  motors  containing  solid 
propellant  charges  has  pointed  up  questions  regarding 
development  of  detonation  when  the  motor  Is  Ignited  In  Its 
normal  mod;a  of  operation.  Deflagration  to  detonation 
transition  (DDT)  was  coined  by  workers  Interested  In  this 
problem  as  a  covering  description  of  the  research  effort. 

The  bulld-up  to  detonation  from  a  shock  has  been  envisioned 
as  the  final  step  of  a  series  of  events  In  which  deflagration 
might  accelerate  to  form  shocks  followed  by  the  transition 
to  detonation.  In  view  of  this  concept,  gap  tests  were 
first  undertaken  to  establish  the  Intrinsic  detonablllty 
of  the  materials  of  Interest.  It  was  found  that  many 
propellants  could  not  be  detonated  even  In  very  large  scale 
gap  tests  as  long  as  they  were  tested  In  manufactured  form. 
This  result  seems  to  Indicate  that  the  explosion  hazard 
of  large  propellant  grains  falling  In  this  category  must  be 
Investigated  In  experiments  to  determine  conditions  for 
deflagration  run-away  far  short  of  the  actual  detonations. 

The  literature  on  burning  to  detonation  from  fires 
Is  not  very  extensive  at  the  present  time,  Klstlakowsky(58) 
discussed  the  mechanism  whereby  a  mildly  Initiated  defla¬ 
gration  could  accelerate  to  a  detonation  In  porous  beds  of 
explosive  or  propellant,  Griffiths  and  Grecock(59)  have 
discussed  experimental  measurements  and  the  theory  of 
burning  to  detonation.  A  study  of  deflagration  acceleration 
In  cast  solids  has  been  in  progress  at  the  NOL.  Macek  and 
his  coworkers (60-63)  have  found  that  In  heavily  confined 
steel  tubes,  cast  Pentollte  and  DINA,  relatively  shock 
sensitive  explosives  would  not  accelerate  to  a  detonation 
for  a  relatively  long  distance  after  Ignition  by  a  hot 
wire.  Their  experiments  and  theory  tend  to  confirm  the 
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belief  that  the  problem  can  be  separated  Into  deflagration 
and  shook  transition  events.  It  may  be  pointed  out  that 
gap  tests,  to  be  successful,  must  be  conducted  in  diameters 
greater  than  the  critical  failure  diameter  for  the  material 
being  tasted.  Failure  diameters  for  many  propellants 
appear  to  be  so  large  that  they  have  not  been  detonated 
without  Introduction  of  gross  porosity.  The  Macek  experi¬ 
ments  showed  1/2"  diameter  DINA  oharges  (failure  diameter 
/V  1/4"  unoonflned)  under  heavy  oonflnement  to  require 
several  Inches  of  wave  travel  from  the  Initiator  before 
detonation  would  develop.  Ihls  result  leads  the  writer 
to  believe  that  the  propellant  problem  la  largely  In  an 
area  unexplored  by  the  explosives  workers,  an  area  linked 
to  the  effect  of  compressions  on  physical  properties  of 
the  propellant,  Explosives  workers  can  undoubtedly  con¬ 
tribute  to  this  area  of  study  as  much  as  they  have  In 
more  familiar  territory. 
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An  Interpretive  Summary 

The  influence  of  reaction  rate  on  the  Initiation 
of  detonation  and  on  the  rate  of  detonation  seems  to  have 
been  recognized  long  before  19^0.  There  was,  however,  a 
vagueness  In  describing  known  experimental  results.  The 
materials  used  In  a  detonator,  for  example,  were  classed 
as  primary  explosives  because  they  could  be  detonated  when 
stimulated  by  a  mild  thermal  energy  source  such  as  a  hot 
wire  or  a  spark.  The  classing  of  primary  explosives  as 
more  sensitive  might  also  be  accepted  as  recognition  that 
their  reaction  rates  were  higher.  Initiation  of  detonation 
by  Influence  was  experimentally  known  but  the  nature  of 
the  influence  does  not  appear  to  have  been  understood. 

The  effect  of  diameter  and  confinement  on  detonation  rates 
was  also  experimentally  known.  The  existence  of  detonations 
which  propagated  at  low  velocity  had  been  established  and 
transition  from  low  rate  to  high  rate  under  certain  con¬ 
ditions  was  an  experimental  fact.  During  World  War  II 
two  theories  of  diameter  effect  were  born  (H.  Jones,  H. 
Eyrlng) .  Both  recognized  that  a  finite  reaction  zone 
or  reaction  time  must  exist  In  the  wavs  and  that  It  was 
the  Interplay  between  lateral  expansion  and  this  reaction 
time  which  contributed  to  a  slowing  down  of  the  detonation. 
In  the  early  40’p.  a  number  of  people  struggled  with  the 
problem  of  how  the  reaction  was  Initiated  In  a  detonation 
and  how  It  proceeded.  There  was  a  strong  feeling  that 
reactions  In  homogeneous  materials  like  liquids  could  not 
be  completed  In  times  of  the  right  order  of  magnitude  If 
the  reaction  was  Irtltlated  by  adiabatic  compression  to 
detonation  pressures.  This  stumbling  block  was  removed 
to  a  great  extent  when  von  Neumann  suggested  that  a  steady 
detonation  first  displays  a  shock  compression  at  the  front 
and  the  shock  pressure  could  exceed  that  of  the  reacted 
medium.  Meanwhile  an  explanation  for  reaction  in  porous 
solids  leaned  in  the  direction  of  surface  burning  reactions 
Initiated  at  ”hot  spots” .  The  latter  Idea  was  put  Into  a 
mathematical  description  by  Eyrlng  and  his  coworkers. 

The  case  for  cast  solids  remained  as  a  problem  area. 

Closely  linked  to  the  diameter  effect  were  the  observations 
that  tapered  charges  exhibited  abrupt  failure  to  detonate 
when  the  propagating  wave  passed  from  the  large  diameter 
end  toward  the  small.  The  effect  has  been  treated  by 
Eyrlng  as  a  perturbation  of  the  diameter  effect.  The 
abrupt  failure  was  not  too  satisfactorily  explained  until 
much  later. 

The  period  1944-45  saw  the  beginnings  of  fruitful 
studies  on  the  shock  Initiation  of  detonation.  Herzberg 
In  Canada  and  Boggs  in  the  United  States  Investigated  the 
transition  from  shock  to  detonation  and  transition  effects 
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in  propagating  from  small  diameter  columns  to  large  diam¬ 
eter  charges  of  the  same  composition  and  density.  Both 
types  of  experiment  gave  very  similar  results  In  smear 
camera  observations  even  though  It  Is  now  apparent  that 
there  were  some  fundamental  differences  In  the  boundary 
conditions.  In  the  experiments  where  cards  were  placed 
between  a  detonator  or  a  donor  charge  and  the  acceptor 
one  may  expect  that  the  initial  shock  In  the  acceptor  will 
be  weaker  than  that  when  the  Initiating  column  Is  of  the 
same  composition  as  the  acceptor.  In  both  types  of  exper¬ 
iment  we  now  see  that  rarefaction  waves  will  Influence 
shock  velocity  and  reaction  rates  In  some  regions  of  the 
acceptor.  The  theories  of  Herzberg  (displaced  detonation 
center)  and  Boggs  (non-lsotroplc  propagation)  regarding 
the  observations  are  brought  Into  line  when  their  experi¬ 
ments  are  examined  In  the  light  of  hydrodynamic  flows  with 
reaction  In  which  shocks,  rarefactions  and  reaction  rates 
are  considered  to  mutually  Influence  each  other  at  the 
same  time.  In  cyllndrlcally  symmetric  experiments  It  Is 
apparent  that  the  shock  amplitude  In  the  acceptor  Is  a 
function  of  the  radius  and  of  the  time,  being  highest  In 
amplitude  on  the  charge  axis.  When  detonators,  detonators 
separated  by  cards,  columns  separated  by  cards  or  low 
density  donor  charges  are  used  the  boundary  conditions 
Invariably  result  In  shocks  weaker  than  detonations  In  the 
acceptor.  Under  these  conditions  the  reaction  must  be 
Initiated  and  then  must  catch  up  to  the  shock  front  In 
order  to  have  a  detonation  In  the  acceptor.  Meanwhile 
rarefactions  follow  the  shock  compression  due  to  the  out¬ 
ward  motion  at  several  boundaries.  The  result  seen  at 
the  charge  surface  Is  Invariably  a  hook  or  a  dark  zone  In 
the  smear  camera  trace.  When  the  donor  column  Is  the  same 
composition  and  density  as  the  acceptor  one  might  expect 
the  detonation  to  continue  steadily  Into  the  acceptor  In  a 
cylindrical  zone  of  diameter  equal  to  that  of  the  donor 
column.  This  detonation  will  cause  a  "bow  wave"  In  the 
external  zone  and  detonation  may  be  expected  to  spread 
radially  but  show  a  delay  relative  to  uniform  spherical 
detonation  as  It  propagates  due  to  transition  effects 
behind  this  weaker  shock  wave.  Herzberg  has  records  which 
show  Just  this.  Even  though  the  detonation  never  had  to 
develop  from  a  weaker  shock  in  the  acceptor  core  the  result 
Is  a  hook  In  the  wave  arrival  as  seen  at  the  charge  surface. 
It  Is  clear  from  Just  the  experimental  examples  of  Herzberg 
and  of  Boggs  that  one  cannot  treat  all  cases  of  transition 
to  detonation  as  manifestations  of  the  same  thing  unless 
that  same  thing  Includes  the  Interplay  between  reactions, 
shock,  and  rarefactions.  Likewise  one  cannot  treat  all 
reactions  In  shocks  as  being  alike.  Some  appear  to  follow 
homogeneous  reaction  laws,  others  seem  to  require  surface 
burning,  and  undoubtedly  many  require  consideration  of  the 
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competition  or  cooperation  of  more  than  one  mechanism  In 
the  reaction  model. 

Except  for  a  lull  during  the  few  years  following 
the  war  one  finds  the  subject  of  shock  Initiation  of 
detonation  as  one  of  the  dominant  areas  being  Investi¬ 
gated  In  regard  to  non-steady  propagation  Influenced  by 
reaction  effects.  The  Investigations  are  shedding  light 
on  the  problem.  This  preoccupation  Is  quite  logical. 

In  steady  detonations  the  perturbations  on  the  reaction 
are  relatively  small.  The  steady-state  conditions  tend  to 
make  people  lose  sight  of  the  chemical  reaction  as  some¬ 
thing  associated  with  a  particular  region  In  the  charge. 

We  think  of  moving  with  the  wave  not  the  particle  In 
examining  the  results  of  our  diameter  effect  experiments. 

In  shock  Initiation  we  are  more  Inclined  to  begin  to  look 
at  each  region  In  a  charge  and  ask  ourselves  "What  Is 
happening  to  the  material  here  and  how  does  this  compare 
with  what  Is  happening  elsewhere?"  The  recognition  of 
rarefactions  as  Influences  on  reactions  lead  us  naturally 
to  attempt  to  eliminate  them  or  minimize  their  effect. 

The  Ideal  shock  Initiation  experiment  would  be  that  In 
which  an  explosive  Is  subjected  to  a  step-shock  and  then 
studied  to  determine  Its  response  hydrodynamlcally  and 
chemically  to  this  shock.  We  approach  this  Ideal  by  going 
to  plane  wave  systems.  The  work  In  this  direction  has 
demonstrated  that  It  Is  possible  to  learn  much  about  explo¬ 
sives  In  this  way.  Equally  important  Is  the  fact  that 
reducing  experiments  to  one-dlmenslonal  geometry,  even 
though  the  shocks  may  be  followed  by  rarefactions,  leads 
to  results  that  can  be  analyzed  or  Independently  sub¬ 
stantiated  by  numerical  computations.  In  programming  a 
numerical  calculation  It  Is  now  possible  to  throw  In  almost 
any  variable  for  examination.  All  conservation  laws  are 
rigorously  adhered  to  and  many  models  may  be  examined  for 
the  reactions.  If  one  wishes  to  establish  the  effect  of 
heat  transfer  and  viscosity;  this,  too,  can  be  done.  In 
the  few  Instances  where  these  terms  have  been  Introduced 
Into  computation  their  Influence  has  been  found  to  be 
small  even  when  coefficients  of  viscosity  and  heat  transfer 
have  been  made  unrealistically  large.  The  computation 
methods  have  directed  our  attention  to  the  need  for  more 
precise  data  In  certain  areas.  For  example,  we  now  find 
need  for  the  equation  of  state  of  unreacted  explosive, 
and  this  equation  must  define  the  temperature  to  a  reason¬ 
able  degree  of  precision.  Even  without  the  best  available 
Input  data  we  find  computer  runs  confirming  In  a  general 
way  both  the  experimental  observations  and  our  more  recent 
theoretical  guesses  based  on  hydrodynamic  considerations 
concerning  the  events  taking  place  when  an  explosive  is 
shocked.  By  varying  the  reaction  parameters  one  can  find 
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either  a  smooth  Increase  In  velocity  to  detonation  velocity 
or  a  detonation  forming  behind  the  shock  leading  to  an 
abrupt  Jump  In  shock  front  velocity  followed  by  a  decay  to 
the  normal  Chapman- Jouguet  detonation  velocity. 

Experiments  which  have  approximated  one-dlmen atonal 
flows  have  given  us  Information  on  the  shock  Hugonlots  for 
explosives  which  have  not  yet  reacted.  This  Information 
has  been  correlated  to  the  subsequent  transition  event. 

It  Is  found  that  liquids  free  from  bubbles  appear  to  have 
reaction  rates  due  to  adiabatic  compression  In  agreement 
with  thermal  decomposition  rates  for  homogeneous  fluids. 

The  same  appears  to  be  approached  fairly  well  by  single 
crystals.  Cast,  pressed  and  loose  solids  seem  to  require 
surface  burning  concepts  to  explain  the  relatively  small 
dependence  of  transition  times  on  shock  amplitude.  These 
materials  also  show  dependence  of  transition  time  on 
particle  size  (the  RDX/TNT  system  Is  a  good  example).  To 
be  sure  some  of  the  results  have  been  anticipated  from 
old  data.  Reduction  of  grain  size  In  TNT  castings  by 
cream  casting,  for  example,  has  long  been  a  requirement 
for  assuring  reliable  propagation  In  charges  of  usual 
ordnance  application.  The  one-dlmenslonal  experiments  may 
be  expected  to  guide  us  In  the  better  understanding  of  all 
Initiation  problems  in  which  the  boundary  conditions  are 
more  complex.  They  can  supply  Input  data  for  2-dlmenslonal 
non-steady  state  calculations.  We  already  are  able  to 
Interpret  much  of  the  gap  test  results  in  terms  of  a 
hydrodynamic  model.  A  fuzzy  area  develops  In  gap  experi¬ 
ments  when  It  Is  found  that  a  wave  can  propagate  almost 
two  diameters  Into  a  charge  at  nearly  acoustic  velocity 
before  a  truly  high  pressure  reaction  takes  place.  This 
can  be  explained  by  a  slight  advantage  In  the  unbalance 
between  reaction  effects  and  rarefaction  In  favor  of  the 
reaction.  This  would  Imply  that  the  wave  slowly  accel¬ 
erates  In  rate  until  at  some  point  reaction  Is  rapid  enough 
to  cause  rapid  speed  up  of  the  wave.  Although  this  Idea 
seems  to  be  a  satisfactory  explanation  It  would  seem  to 
need  further  confirmation. 

The  rarefactions  behind  a  shock  In  a  cylinder  of 
explosive  are  worthy  of  further  examination.  Calculations 
on  a  one-dlmen slonatl  cylindrical  rarefaction  were  used  by 
the  writer  to  approximate  the  condition  behind  a  shock. 

^e  results  show  pressure  dropping  to  zero  in  the  axis 
region  while  positive  pressures  exist  farther  out-  One 
might  expect  cavitation  behind  a  shock  under  these  con¬ 
ditions  and  such  cavitation  has,  in  fact,  been  observed 
by  Vodar  in  plastic  rods.  The  experiments  of  Gibson  also 
seem  to  show  cavitation  in  a  column  of  liquid  explosive 
In  which  a  shock  Is  moving  down  the  axis.  It  seems 
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reasonable  that  cavitation  In  solids  and  even  liquids  can 
be  considered  as  a  fracture  phenomenon.  This  approach 
could  give  some  accounting  for  Initiation  of  reaction  In  a 
region  of  rarefaction  thus  giving  a  clue  to  the  results  of 
Winning  and  of  Gibson.  The  argument,  if  substantiated, 
could  possibly  have  bearing  on  the  weak  shock  case  for  gap 
experiments  In  solids. 

The  effect  of  acceptor  confinement  In  the  505^  gap 
test  for  liquids  has  appeared  to  be  anomalous  to  the 
shock-reaction  hypothesis  In  at  least  two  liquids.  In 
searching  for  new  variables  to  examine  for  explaining  the 
results  we  find  several  to  consider.  First  there  is  the 
meeting  of  rarefactions  at  the  axis.  Second,  we  note  that 
shocks  moving  along  bounditrles  between  two  media  will 
generally  result  In  a  flow  discontinuity  at  the  boundary. 

The  result  can  be  a  shear,  or  a  bulld-up  of  a  viscous  or 
turbulent  boundary  layer;  any  of  which  effects  could  be 
the  source  of  enough  local  energy  concentration  to  start  a 
reaction.  In  the  case  of  thin  walls  there  Is  a  further 
possibility  of  fracture  of  the  moving  wall  leading  to  a 
localized  flow  of  liquid  to  create  frictional  heating. 

In  the  case  of  some  metals,  as  for  example  aluminum,  the 
metal  could  enter  Into  reaction  with  the  explosive  when 
new  surfaces  are  exposed  as  a  consequence  of  plastic  flow. 
The  experimental  result  found  by  UCLRL  that  weak  shocks 

Qm  explosive  solia  less  sensitive  to  detonation 

appears  to  have  some  bearing  on  the  gap  experiment.  One 

can  see  the  possibility  that  Immediately  behind  the  shock 
In  those  cases  where  thick  barriers  are  used  the  explosive 
will  not  be  capable  of  Initiation  by  a  second  shock  even 
If  It  Is  relatively  strong.  The  experiments  of  Cook,  et  al. 
Involving  colliding  shock  might  find  a  hydrodynamic  expla¬ 
nation  In  this  experimental  observation. 

The  disk  Impact  experiments  of  Brown  and  Whitbread 
have  given  us  useful  Information  on  the  required  pulse 
duration  to  cause  transition  to  detonation.  In  this  regard 
they  give  more  pertinent  Information  than  the  "delay  time" 

In  establishing  the  Induction  time.  The  experiments  sug¬ 
gest  that  for  thick  disks  It  Is  the  radial  rarefaction  In 
the  explosive  which  Is  responsible  for  quenching  a  reaction 
Initiated  by  adiabatic  compression.  If  we  estimate  the 
sound  speed  In  solid  HE  from  the  slope  of  the  Hugonlot 
p- p  curve  aty about  50  kllobars  we  find  a  value  of  about 
5  to  6  mm^sec.  This  Is  about  the  velocity  one  might 
expect  In  aluminum  (the  metal  of  highest  wave  velocity 
used)  at  this  pressure.  The  experiment  suggests  that 
promising  results  could  be  obtained  by  the  use  of  flying 
sheets  of  metal  of  larger  diameter  In  an  experiment 
employing  wedges  of  explosive  and  smear  camera  observations. 
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The  study  of  detonation  effects  Influenced  by 
chemical  reaction  rates  la  seen  to  be  largely  concentrated, 
at  the  moment.  In  studies  of  the  Initiation  of  detonation 
by  shocks.  This  approach  appears  to  be  paying  off,  leading 
to  the  acquisition  of  knowledge  which  can  be  applied  to 
the  Interpretation  of  results  of  other  experimental  con¬ 
ditions  In  which  reaction  rates  play  a  significant  role. 

We  find  experimental  evidence  which  Is  forcing  us  to 
Include  variables  other  than  adiabatic  compression  and 
rarefaction  for  explanation.  The  writer  believes  the 
variables  to  be  examined  are  boundary  flow  discontinuities 
and  localized  discontinuities  which  nay  be  broadly  stated 
as  being  due  to  the  Imperfeotlons  In  the  medium. 
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THE  SHOCK  INITIATION  OF  DETONATION  IN 
LIQUID  EXPLOSIVES 


William  A.  Gey  and  Kaxl  Kinaga 
U.  S.  Naval  Ordnance  Test  Station 
China  Lake,  California 


Shock  Initiation.  This  study  was  undertaken  in  order  to 
obtain  more  experimental  data  on  the  transition  from  deflagration  to 
detonation  in  explosives  which  have  been  subjected  to  shock  compression 
from  a  detonating  explosive  through  an  inert  beurrier.  Transparent 
liquid  explosives  were  used  in  order  to  follow  the  reaction  inside  the 
explosive,  and  a  streak  camera  used  to  obtain  high  time-space  resolu¬ 
tion.  The  effectiveness  of  the  method  is  illustrated  by  Fig.  1,  which 
is  a  streak  camera  picture  of  the  initiation  of  detonation. 

The  initiation  of  detonation  of  liquid  TNT,  nitroglycerine 
(NG),  nitromethane  (NM),  ethyl  nitrate  (EN),  and  trimethylolethane 
trinitrate  (IMETN),  was  studied  by  this  technique.  The  main  feature 
which  appeared  is  that  all  these  liquids  are  relatively  insensitive  to 
compressional  shocks,  con^^red  to  solid  explosives.  This  statement 
must  be  qulaified,  in  that  observations  were  made  of  detonation  of 
nitroglycerine  through  barriers  of  several  centimeters  of  glass,  but 
the  mechanism  is  fundamentally  different  from  the  initial  shock 
compression  initiation,  since  detonation  does  not  occur  until  the 
explosive  has  expanded.  This  second  phenomenon  may  be  more  pertinent 
to  the  transition  to  detonation  in  solid  explosives  when  subjected  to 
weak  shocks,  amd  desei^es  more  study. 

Experl mental  Procedures.  The  initiations  were  photographed 
with  a  .010"  slit  Beckman- Whit ley  streak  camera  operated  at  300  to 
450  rps,  corresponding  to  a  writing  speed  of  I.9678  to  2*9516  mm/n 
second.  The  mirror  speed  was  checked  on  each  firing  with  an  electronic 
chronograph  counter.  Eastman  Kodak  Royal  X  Paul  film  was  used  to  obtain 
the  highest  light  collection  possible.  The  donor  chaurges  were  all 

3.5  cm.  (d)  Composition  B,  10  to  12.5  cm.  in  length;  the  interrupters 

6.5  -  8.0  cm.  square  glass  plates;  and  the  receptor  explosive  was 
contained  in  4  to  7*5  cm.  diameter  glass  cylinders,  with,  in  some 
cases,  mirror Symounted  on  top  to  view  the  charge  aixlally  on  the  same 
film.  Figure  1  shows  a  typical  setup  with  nitroglycerine  as  the 
receptor  with  a  m-’rror  on  top.  In  most  experiments  a  backlight 
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consisting  of  a  3.7  cm.  diameter  Tetryl  pellet  in  the  end  of  a  card¬ 
board  15"  tube  was  used  to  illuminate  the  shock  transmission  in  the 
glass  and  the  events  in  the  explosives. 

The  explosives  used  were  TNT,  Picatinny  Arsenal  Grade  1; 
Nitromethane,  Eastman  Kodak  Yellow  Label;  Ethyl  Nitrate,  Eastman  Kodak 
White  Label;  and  Nitroglycerine,  extracted  from  special  dynamite  with 
acetone  and  precipitated  and  washed  with  water  at  the  firing  site. 
Several  analyses  of  the  nitroglycerine  shewed  99+^  purity  in  each  case. 

Temperati;res  of  the  liquid  TNT  were  measured  with  a  thermo¬ 
couple.  Film  data  was  meastired  with  a  travelling  microscope  to 
determine  ,  the  time  between  entrance  of  the  shock  into  the  receptor 
and  the  transition. 


Results  of  Liquid  TNT.  The  results  of  a  series  of  shock  tests 
on  liquid  TNT  at  various  ten^jeratures  are  shown  in  Fig.  2  and  Table  1. 
The  critical  glass  thickness  for  initiation  of  detonation  appears  to 
increase  only  from  7  mm  at  lOO^C  to  9  mm  at  170“C.  The  delay  time  to 
transition,  measured  as  the  time  from  entrance  to  the  shock  in  the 
receptor  to  speedup  of  the  shock  front  viewed  in  the  mirror,  cannot 
sin^jly  be  plotted  vs.  glass  interrupter  thickness  because  of  the 
influence  of  ambient  temperature.  A  temi>erature  effect  of  the  shock 
was  calculated  from  the  time  delay  by  the  equation 


where 


log  '3'  -  ^  ® 

RTq 

A  -  AE*  ,  and 

2.303 

B  =  e  -^S/R 

QkAH* 


(1) 


(2) 


with 


^  =  3U,4  kcal/mole  (3),  Q  =  2.23  kcal/mole, 

C  =  90  cal/aole/deg,  =  3*2  eu.  (2) 


h  Is  the  Flemck  constant,  k  the  Boltzmann 
constant,  and  plotted  In  Fig.  3* 


The  data  cure  reasonably  self-consistent  with  ten^rature 
rise  in  the  range  of  400-300*  for  detonation. 


Figure  4  shows  a  plot  of  measured  Initial  shock  velocity  In 
liquid  TNT  vs.  glass  Interrupter  thickness,  the  data  including  shocks 
which  resulted  In  detonations  as  well  as  failures  as  Indicated.  The 
coincidence  of  the  initial  velocities  of  the  shocks  In  the  experiments 
which,  resulted  in  detonations  and  non-detonations  appear  to  support 
the  postulate  that  the  initial  compression  wave  is  relatively 

y 
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unsupported  by  any  energy  supplied  by  reaction  of  explosive  (i+).  There 
is  in  the  case  of  initiation  of  detonation  therefore  an  induction 
period  before  the  reaction  becoaes  rapid  enough  to  contribute  energy 
to  the  wave,  as  outlined  by  Jacobs.  The  higher  density  in  the  ooaipressed 
explosive  contributes  to  higher  velocity  but  cannot  explain  vave 
velocities  above  15,000  m/sec.,  the  appeai'ance  of  which  in  detonation 
wave  pictures  are  probably  phase  phenojnena  (5  and  6). 

Other  Liquid  Explosives.  The  effect  of  shock  on  the  other 
liquid  explosives  all  exhibit  similar  phenoaiena.  Table  2  suranarizes 
the  data  and  Fig.  5  presents  the  initial  velocity  vs  results  of  all 
these  explosives.  Again  it  appears  that  the  initial  ccxapressibn  vave 
is  not  supported  by  reaction.  Figure  6  shows  another  Initiation  of 
nitroglycerine  in  a  7.0  cm  (d)  cylinder,  illustrating  almost  planar 
initiating  wave  surface  in  the  image  observed  by  the  mirror  on  top. 


TABLE  1.  Shock  Velocity  and  Delay  to  Detonation  in 

Liquid  'TTii' 


Tss^sorature , 

•c 

hr 

Initial  vave 
velocity, 
mm/usec 

Delay  to  . 
detonation, " 
usee 

Result 

100 

>1.01 

•  •  •  • 

0.5 

SO 

100 

4.01 

•  •  •  • 

0.5 

gc 

loa 

10.46 

4p50 

t  •  • 

no 

no 

5.05 

•  «  •  • 

1.1 

SO 

no 

5.1 

•  •  •  1 

0.5 

BO 

n2 

7.n 

*  •  •  f 

«  •  • 

SO 

ns 

7.26 

•  •  •  » 

$  $  • 

go 

119 

6.07 

Vroo 

0.8 

SO 

120 

4.83 

Moo 

0.8 

SO 

a 

,8.40 

'l^SO 

•  »  * 

no 

.I.** 

‘^''70 

t  4  • 

no 

124.5 

T.7 

;  •  • 

no 

127.6 

5.92 

*  •  >  • 

1.4 

so 

128 

7.80 

4^0 

4  •  • 

no 

129 

4.83 

•  f  «  • 

0.5 

£0 

139 

8.05 

4,340 

0.9 

go 

159 

12.44 

^00 

»  •  • 

no 

l6o 

9.14 

*^300 

0.8 

go 

l6o 

12.20 

3890 

*  1  • 

no 

162 

10.44 

3950 

1  •  t 

no 

164 

8.69 

4,530 

3.8 

go 

166.5 

7.01 

•  •  •  • 

0.5 

go 

16S 

10.50 

4150 

•  »  • 

no 

iSC 

9.93 

4350 

I  •  • 

no 

184 

10.57 

4290 

•  •  ■ 

no 

Glass  interruptor  thickness. 

Meas'ured  as  tiiue  from  shock  entering  receptor  to  'vuve 
speedup . 
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SujTimary.  A  study  was  made  of  the  initiation  of  detonation 
hy  shook  in  transparent  liquid  explosives  in  the  region  of  critical 
shook  intensity.  In  most  cases  the  velocity  of  the  tremsmitted  shock 
in  the  liquid  receptor,  for  cases  which  did  or  did  not  result  in 
detonation,  was  not  appreciably  different.  Delay  time  to  detonation 
was  used  in  the  case  of  TNT,  •  Ith  thermal  decomposition  data,  to 
calculate  the  temperature  rise  In  the  compression  wave  as  420  to  5OO*. 


TAELE  2.  Shock  Velocity  and  Delay  to  Detonation 
in  Other  Liquid  Explosives 
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1.8 

go 

6.60 
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5.69 
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0.7 

go 

7.72 

4480 
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no 

9.32 
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•  I  « 

no 

EN 

6.02 

t  •  •  • 

0.45 
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6.10 

•  »  •  t 

0.6 

go 

6.12 

•  t  •  • 

0.4 

go 

9.5 
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1.8 

go 

7.92 

4640 
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SENSITIVITY  OF  PROPELLANTS 


W.  W.  Brandon  and  K.  F.  Ockert 
Rohni  Haas  Company 
Redstone  Arsenal  Research  Division 
H'ants’.olle,  Alabama 


ABSTRACT  -  High  explosives  are  capable  of  propagating 
stable  detonation  at  very  small  diameters  (less  than  1/4  inch),  Solid 
propellants  containing  reactive  binders,  such  a§  nitro  compounds  or 
nitrate  esters,  require  larger  diameters  (from  1/2  to  2  inches),  de¬ 
pending  upon  a  number  of  factors,  and  are  generally  leas  sensitive 
to  shock  initiation  than  conventional  explosives,  as  measured  by  the 
card  gap  sensitivity  test. 

Aluminized  ammonium  perchlorate- containing  plastisol  ni¬ 
trocellulose  composite  propellant  exhibits  regular  differences  in  both 
minimum  diameter  and  card  gap  value  between  steel  and  cardboard 
confinement.  Initiation  is  easier  in  the  heavier  confinement.  These 
differences  vanish  at  charge  diameters  appreciably  above  minimum. 

As  has  been  shown  with  ammonium  perchlorate  alone,  perchlorate 
particle  size  in  propellant  affects  minimum  diameter  in  light  confine¬ 
ment  but  not  gap  sensitivity.  Thus  larger  (65-micron)  oxidizer  par¬ 
ticle  size  raises  the  minimum  diameter  without  correspondingly  re¬ 
ducing  detonation  hazard.  The  omission  of  the  oxidizer  or  substitu¬ 
tion  of  potassium  chloride  has  no  effect  on  propellant  critical  diameter 
or  card  value  in  heavy  confinement;  in  light  confinement,  the  highest 
gap  value  and  smallest  minimum  diameter  are  shown  by  the  base 
alone,  without  dispersed  crystalline  phase. 

A  liquid  monopropellant,  hydrazine  saturated  with  dekazene, 
has  been  found  to  have  a  minimum  diameter  and  card  gap  value  simi¬ 
lar  to  those  of  petrin  acrylate  composite  solid  propellant. 
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Introduction  -  Solid  rocket  propellants  and  many  of  their 
constituents  are  explosives.  As  such  they  constitute  hazards  in  syn¬ 
thesis,  manufacture,  transportation  and  handling,  and  ultimate  utili- 
eation,  In  the  course  of  an  investigation  by  this  Division  into  the  nature 
and  definition  of  detonation  sensitivity  as  applied  to  solid  propellants, 
it  became  useful  to  have  a  simple  means  of  ranking  the  materials 
under  study.  Such  a  means  was  the  card  gap  test^  This  test  has  been 
successfully  applied  to  the  examination  of  the  effect  of  oxidizer  par¬ 
ticle  size,  of  charge  confinement,  and  of  temperature  on  shock  sensi¬ 
tivity  of  composite  propellant;  the  effect  of  solids  loading  on  apparent 
sensitivity;  and  comparative  minimum  diameters  and  gap  sensitivities 
of  a  niimber  of  propellant  types. 

Effect  of  Acceptor  Confinement  -  Degree  of  confinement  has 
a  significant  effect  on  the  dotonability  of  propellanto .  Ch;-;;--- 

.  iiPuw  double-baae  powder,  32%  tfiethyl- 

ene  glycol  dinitrate,  1%  resorcinol,  20%  aluminum  (Alcoa  140),  30% 
ammonium  perchlorate  (35-micron  weight  median  diameter,  95%  be¬ 
tween  4.  4  and  93  microns))  were  cast  In  steel  water  pipe  and  in  card¬ 
board  cylinders,  and  minimum  diameter  and  card  gap  values  were  de¬ 
termined. 

Plots  of  card  value  agfdnst  charge  size  gave  two  straight 
lines,  intercepting  the  abscissa  at  the  respective  minimum  diameters 
(Figure  2)*.  The  limiting  diameter  indicated  in  the  Figure  is  the 
largest  subcritical  diameter  experimentally  tested,  i.  e,  ,  stable  deto¬ 
nation  does  not  propagate  at  that  diameter.  The  limiting  diameter  is 
higher  in  cardboard  than  in  steel  but  the  slope  of  the  line  in  the  former 
case  is  greater,  so  that  at  2  inches,  the  two  lines  intersect.  Above 

^  Owing  to  considerations  of  minimum  or  critical  diameter,  a  certain 
measure  of  flexibility  in  this  test  as  regards  charge  size  is  necessary. 
The  distinctive  features  of  the  test  referred  to  here  are  1)  the  use 
of  a  heavy  booster  of  Composition  C-4  explosive,  2)  maintenance  of 
fixed  scaling  between  donor  and  acceptor,  regardless  of  charge  size 
(Figure  1),  and  3)  determination  of  gap  sensitivity  above  the  experi¬ 
mentally  established  minimum  diameter.  (Cf.  Ref.  (1)) 

^  The  reader  unfamiliar  with  this  form  of  presentation  should  bear  in 
mind  that  b  oster  size  is  increased  with  acceptor  size.  Consequently 
an  increase  in  card  value  is  to  be  expected.  In  these  tests  donor, 
gap,  and  acceptor  always  have  diameters  equal  to  each  other.  Donor 
length- to-diameter  ratio  is  maintained  at  3  and  that  of  the  acceptor 
is  4  or  greater. 
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this  diameter  the  charges  are  effectively  self- confined  and  no  further 
differences  in  card  value  are  observed.  (Data  obtained  at  3  inches, 
since  the  Figure  was  drawn,  indicate  continued  linear  congruence. 

Gap  values  were  202  and  192  in  steel  and  cardboard,  respectively.) 

Effect  of  Oxidizer  Particle  Size  -  Of  the  different  substcinces 
examined  in  the  earlier  study  (1),  all  but  one  exhibited  the  type  of  re¬ 
lationship  shown  in  Figure  2,  viz.  ,  a  linear  function  of  positive  slope 
intercepting  the  abscissa  at  critical  diameter.  The  exception  was  am¬ 
monium  perchlorate  containing  a  small  amotint  of  fuel  (0.  5%  magnesium 
stearate).  Although  the  card  values  plotted  in  the  usual  straight-line 
fashion,  regardless  of  perchlorate  particle  size,  the  minimum  diame¬ 
ters  varied  widely  with  particle  size  in  light  confinement  and  were  sig¬ 
nificantly  larger  than  the  extrapolated  intercept.  An  abrupt  change  was 
observed  ruch  that  the  card  values  were  not  low  near  minimum  diame¬ 
ter. 


The  effect  of  oxidizer  particle  size  has  been  confirmed  in 
propellant  (Figure  3).  Propellant  formulation  ll6bn  has  the  identical 
chemical  composition  as  that  represented  in  Figure  2;  the  sole  differ¬ 
ence  between  the  two  is  the  substitution  of  65-micron  perchlorate  (95% 
between  6  and  130  microns).  Card  values  of  cardboard- confined  charges 
decrease  linearly  as  diameter  is  reduced  to  1.  6  inches;  diminishing 
the  diameter  by  another  quarter  of  an  inch  places  it  below  critical. 

(The  graph  implies  that  the  change  is  discontinuous,  owing  to  the  fact 
that  quarter-inch  increments  are  customary.  Smaller  increments 
would  show  a  rapid  but  continuous  drop  to  the  base  line. ) 

Comparison  of  the  data  for  the  two  propellants  (Figure  4) 
shows  that  changing  the  oxidizer  particle  size  has  little  effect  on  gap 
sensitivity  in  either  light  or  heavy  confinement,  but  makes  its  influ¬ 
ence  felt  on  critical  diameter  alone. 

Sensitivity  of  Propellant  Ingredients  -  The  constituents  of 
plastisol-type  propellants,  with  the  exception  of  aluminum,  have  posi¬ 
tive  heats  of  explosion,  i.  e.  ,  evolve  heat.  This  includes  the  double - 
base  powder,  the  plasticizer  (triethylene  glycol  dinitrate),  and  ammo¬ 
nium  perchlorate.  Each  can  be  expected  to  contribute  to  the  support 
of  stable  detonation  once  initiated.  In  order  to  compare  the  ease  of 
initiation  of  each  constituent  minimum  diameters  and  card  gap  values 
were  determined  (Table  I). 

In  steel  confinement,  the  presence  or  absence  of  a  dispersed 
crystalline  phase  has  no  effect  on  either  minimum  diameter  or  card 
value.  Under  conditions  of  light  confinement,  on  the  other  hand,  the 
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Fig.  3 


DONOR  DIAMETER  (INCHES) 


lAP  SENSITIVITY  OF  PLAS1 

116  bn  (6&m  NH^CICit) 


DONOR  DIAMETER  (INCHES) 

Fig.  4  CAfiD  GAP  SENSITIVITY  OF  PLASTISOL  TORMULATION  116 
AS  A  FUNCTION  OF  OXIDIZER  RARTICLE  SIZE 
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homogeneous  base  has  the  smallest  critical  diameter  and  the  highest 
gap  sensitivity  at  2  inches.  The  inert-loaded  propellant  has  a  high 
minimum  diameter  and  relatively  low  card  value,  while  the  perchlo¬ 
rate-containing  formulation  occupies  intermediate  positions.  The  in¬ 
sensitivity  of  the  plasticizer  is  emphasized  by  the  fact  that  the  gap 
value  in  steel  is  less  than  that  of  the  other  constituents  in  cardboard. 

The  relationship  among  the  three  formulations  is  more  readily 
seen  in  Figure  5.  It  is  interesting  to  note  that  the  limiting  diameter 
of  the  base  alone  in  light  confinement  appears  exactly  at  the  extrapo¬ 
lated  point  for  normal  propellant  and,  in  fact,  coincides  with  that  of 
116bw,  which  contains  the  smaller- size  oxidizer. 

These  results  strongly  suggest  that  initiation  is  effected 
through  the  plasticized  nitrocellulose  continuous  phase.  Introduction 
of  a  crystalline  dispersed  phase  reduces  the  energy  release  per  unit 
cross-sectional  area,  either  by  simple  dilution  and/or  by  absorption 
of  energy  in  the  dispersed  phase.  The  intermediate  values  with  the 
live  oxidizer  indicate  that  energy  absorption  by  the  dispersed  phase 
is  in  some  measure  offset  by  energy  released  by  decomposition  of  the 
perchlorate.  The  invariance  of  the  results  determined  in  steel  con¬ 
trasted  with  the  differences  in  cardboard  serve  to  demonstrate  the 
delicacy  of  the  balance  between  internal  and  external  energy  losses. 

(The  base  formxilation  still  contains  aluminum,  which  com¬ 
prises  20%  of  the  finished  propellant.  Recently  determined  minimum 
diameters  of  base  from  which  this  alviminum  is  absent  have  been  sig¬ 
nificantly  greater  than  those  shown  in  Table  I:  between  0.  82  and  1.05 
inches  in  steel  and  greater  than  2.  07  inches  in  cardboard.  These  are 
a  half- inch  more  in  heavy  confinement  and  at  least  3/4  inch  more  in 
light  confinement  than  corresponding  values  for  aluminum- containing 
base.  If  minimum  diameter  be  taken  as  an  index  of  detonation  sensi¬ 
tivity,  then  aluminum  woxild  appear  to  increase  the  sensitivity  of  the 
plasticized  double-base  powder  matrix.  The  physical  consolidation 
of  the  charges  was  so  poor  and  nonhomogeneous  that  further  experi¬ 
ments  must  be  made. ) 

Effect  of  Charge  Temperature  on  Apparent  Sensitivity  -  The 
card  gap  values  of  plastisol-type  propellant  change  very  slowly  with 
conditioning  temperature.  Over  the  range  from  -40*  to  +130“ F,  the 
numbers  increase  linearly  at  28  cards  per  100  Fahrenheit  degrees 
(Figure  6).  Since  normal  variation  is  -  5  cards,  these  results  indi¬ 
cate  that  card  gap  values  are  unaffected  by  temperature  under  normal 
ambient  conditions. 
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Fig.  6  TEMPERATURE  SENSITIVITY  OF  CARD  GAP  VALUE  OF 
PLASTISOL  FORMULATION  116  bw  AT  1.61  INCHES 
DIAMETER  IN  CARDBOARD  CONFINEMENT 
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Comparative  Gap  Sensitivities  -  Although  screening  of  mate¬ 
rials  is  not  the  primary  object  of  this  progreim,  sufficient  data  have 
accumulated  to  compare  a  niimber  of  substances  as  regards  minimum 
diameter  and  card  gap  value  under  various  conditions  of  confinement 
and  size. 

DesrUe  the  exceptions  noted  above,  the  data  (Table  II)  confirm 
the  general  relationship  between  critical  diameter  and  card  gap  value, 
namely,  the  smaller  the  minimum  diameter,  the  greater  the  sensitivity. 
Thus  Composition  C-4  explosive  (1.  33  gm/cc)(91%  RDX)  has  a  very 
small  critical  diameter  and  high  card  value.  RDX- containing  compo¬ 
site  propellant  (petrin  acrylate  base)  shows  nearly  the  same  proper¬ 
ties,  although  the  RDX  concentration  is  down  to  28%.  The  extruded 
double-base  (N-5),  plastisol  nitrocellulose  composite  (116bn),  and 
mixed-binder  (plasticized  nitrocellulose  and  polyurethane)  composite 
(BRL-1)  propellants  have  similar  card  gap  values.  Saturated  (35%) 
solution  of  dekazene  (1:1  adduct  of  hydrazine  and  decaborane)  in  hydra¬ 
zine,  a  liquid  monopropellant,  ammonium  perchlorate/petrin  acrylate 
composite  propellant  (without  RDX),  and  TEGDN  consistently  show 
decreasing  gap  sensitivi/ty  with  increasing  minimum  diameter. 

The  characteristics  of  petrin  acrylate  propellant  with  and 
without  RDX  are  in  marked  contrast.  Comparison  of  the  two  liquid 
substances  gives  a  striking  example  of  the  importance  of  a  little  lati¬ 
tude  in  conducting  card  gap  sensitivity  tests.  The  dekazene/hydrazine 
solution  has  a  minimum  diameter  3/4  inch  in  steel;  that  of  TEGDN 
lies  above  1  inch.  Yet  at  2  inches  the  two  have  nearly  the  same  card 
value.  Had  this  test  been  run  at  1  inch  according  to  the  procedure 
recommended  by  the  Joint  Army-Navy-Air  Force  Panel  on  Liquid  Pro¬ 
pellant  Test  Methods  (2),  a  negative  result  would  have  been  obtained 
with  TEGDN,  implying  it  to  be  an  insensitive  material. 

In  general,  we  have  foimd  explosives  and  propellants  to  fall 
into  three  loosely- defined  categories.  High  explosives  are  character¬ 
ized  by  very  low  minimum  diameters.  They  appear  indifferent  to  de¬ 
gree  of  confinement,  probably  because  the  diameters  at  which  card 
gap  values  have  been  determined  are  still  significantly  larger  than 
critical  diameter.  Solid  propellants  containing  reactive  binders,  such 
as  nitro  compounds  and  nitrate  esters,  have  minimum  diameters  which 
vary  with  confinement  and  range  from  l/2  to  2  inches.  The  liquid  sub¬ 
stances  tested  also  fall  in  this  range.  Solid  propellants  having  inert 
binders  of  polyurethane,  polysulfide,  polybutadiene- acrylic  acid  co¬ 
polymer,  etc.  ,  have  minimum  diameters  above  8  inches  and  they 
cannot  be  ranked  owing  to  limitations  of  test  facilities.  It  shovild  be 
noted  in  conclusion  that  these  generalities  apply  to  normally  consoli- 
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dated  propellant.  Where  mechanical  defects  or  interconnected  porosity 
exist,  transition  from  deflagration  to  detonation  takes  place  with  ail 
types  of  solid  propellants. 
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SOME  STUDIES  ON  THE  SHOCK  INITIATION  OF  EXPLOSIVES 

by 

E.  N.  Clark  and  F.  R.  Schwartz 

Explosives  Research  Section 
Pica tinny  Arsenal 
Dover,  New  Jersey 


Introduction 

This  work  was  supported  by  Ordnance  Corps  Project  TB3-0134. 

Figure  1  illustrates  the  experimental  technique  used  in  this  study, 

The  donor  explosive  has  a  length  to  diameter  ratio  of  approximately 
3  to  1  and  is  coated  with  an  aliimlnum  sillcofluorlde  paste  to  faci¬ 
litate  the  observation  of  its  detonation  rate.  The  inert  barrier 
used  was  mild^steel  ‘‘boiler  plate"  with  both  faces  ground  smooth  and 
parallel.  The  barrier  was  large  enough  that  the  detonation  products 
were  delayed  sufficiently  long  so  that  they  did  not  interfere  with 
the  observation  of  the  phenomena  occurring  in  the  receptor  explosive. 

So  as  to  observe  the  "low  order"  phenomena  occurring,  a  reflec¬ 
tive  technique  was  used  similar  to  that  at  NOLi^) .  A  0.0003"  thick 
strip  of  silver  foil  was  cemented  to  the  side  and  top  of  the  donor 
explosive.  Light  from  an  argon  bomb  is  reflected  from  the  foil  into 
the  slit  of  the  194  Beckman  and  Whitley  streak  camera.  Thus,  any  dis¬ 
turbance  of  the  foil  will  interrupt  the  beam  of  light  and  the 
disturbance  will  be  noted  by  the  extinction  of  the  light  on  the  film. 
The  exit  of  the  wave  from  the  end  of  the  acceptor  is  also  observed 
using  the  foil  by  means  of  a  mirror  placed  at  45®  to  the  horizontal. 

Figure  2  is  a  good  film  record  showing  the  propagation  of  the 
low  order  wave,  its  transition  to  high  order,  the  retonation  wave, 
which  is  obviously  slower  than  the  detonation  wave,  and  the  wave 
shape  coming  out  the  rear  of  the  receptor.  Each  shot  was  observed 
with  the  Model  189  B&W  framing  camera  normal  to  the  direction  of  ob¬ 
servation  of  the  streak  camera. 

The  explosive  studied  was  Composition  B  machined  from  billets 
having  a  density  of  1.70  grams/cc  detonation  rate  of  7.88  mm/micro 
second  and  a  standard  deviation  of  0.23  mm/microsecond  as  determined 
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Figure  I  -  Charge  Set  Up 


from  streak  camera  records  during  ttiese  experiments.  Since  the  foil 
technique  described  permits  observation  only  on  the  surface  of  the 
charge,  and  In  order  to  deduce  what  was  going  on  inside  the  explosive 
charge.  It  was  necessary  to  vary  the  length  of  the  acceptor  and  note 
the  time  of  arrival  and  the  shape  of  the  wave  out  the  end  of  the  ac¬ 
ceptor  as  a  function  of  length. 

Experimental  Results 

Figure  3  shows  a  plot  of  the  peripheral  shock  velocity  in 
Composition  B  as  a  function  of  thickness  of  steel  for  a  donor  geome¬ 
try  of  1  1/16**  diameter  x  3**  long.  Those  points  which  have  a  standard 
deviation  as  shown  are  an  average  of  8  or  more  shots.  It  will  be 
noted  that  there  is  a  decided  change  in  the  slope  of  the  curve  for  the 
two  points  Indicated  by  triangles.  The  magnitude  of  the  pressure 
pulse  which  corresponds  to  a  given  thickness  of  steel  has  not  as  yet 
been  measured .  It  is  anticipated,  however,  that  this  Increase  In 
velocity  Is  greater  than  would  be  expected  from  the  Increase  in 
pressure  represented  by  a  decrease  in  thickness  by  1/8**  of  steel. 
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PERIPHERAL  VELOCITY,  mm/;^s 


Figure  4  shows  a  plot  of  the  arrival  time  of  the  wave  out  of  the 
acceptor  as  a  function  of  acceptor  length  for  various  thicknesses  of 
steel  plate  using  the  aforementioned  donor  geometry.  The  acceptor 

of^SrjflH"  I  It  will  be  noted  that  for  the  case 

^  ^  arrival  times  plotted  against  acceptor  length 

fall  on  a  straight  line  the  slope  of  which  is  the  velocity  of  the 
shock  wave  along  the  axis  of  the  acceptor.  A  least  squares  fit  of  the 
data  shows  the  velocity  to  be  3.078  mm/micros ec ond .  The  average  of 
the  velocities  observed  along  the  edge  of  the  explosive  is  3.061  mm/ 
microsecond,  with  a  standard  deviation  of  0.05  mm/microsecond.  Thus 
there  is  no  significant  variation  between  velocities  taken  along  the 

S'that  III  f  Pe^ipbery.  The  pertinent  fa^here 

is  that  the  thickness  of  the  steel  is  such  that  the  shock  wave  is 

s^ewhat  slower  than  any  with  which  detonation  has  been  observed  to 
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In  Figure  4  for  the  case  of  the  1/2"  thick  steel  the  plot  is 
somewhat  more  complicated.  This  is  so  because  this  particular  con¬ 
figuration  sometimes  transfers  to  high  order  detonation,  and  sometimes 
does  not.  Detonation  was  not  observed  in  acceptors  less  than  0.6" 
and  the  few  points  below  this  value  lie  on  a  straight  line.  A  con¬ 
tinuation  of  this  straight  line  can  be  seen  to  go  through  those  points 
up  to  about  1  1/4"  where  no  high  order  detonation  was  observed  and 
beyond  whicn,  the  velocity  of  the  axial  shock  appears  to  fall  off. 

The  velocity  of  the  axial  shock  for  acceptors  1  1/4"  and  less  was  de- 
termi'ed  by  the  method  of  least  squares  to  be  4.054  mm/microsecond. 

The  average  peripheral  velocity  observed  for  these  samples  is  3.44 
mm/microsecond  with  a  standard  deviation  of  0.11  mm/microsecond. 

Thus,  in  the  instance  of  a  stronger  shock,  there  is  a  significant 
difference  between  the  axial  velocity  and  the  peripheral  velocity. 

Times  of  arrival  less  than  1  1/4"  ;vhich  did  not  detonate  were 
also  measured  at  a  distance  of  1/4  R,  1/2  R,  3/4  R  and  1  R  from  the 
axis  of  the  charge  for  all  acceptors.  Velocities  were  determined  for 
each  of  these  distances  from  the  axis,  Figure  5  shows  the  variation  of 
this  velocity  with  the  radius  of  the  charge.  Although  the  curve  does 
show  a  continual  and  significant  change  in  velocity  from  the  axis  to 
the  edge  of  the  charge,  the  actual  shape  of  the  curve  may  not  vary 
significantly  from  a  straight  line  relationship. 

As  can  be  seen  from  Figure  2,  the  shock  wave  in  the  donor  travels 
at  a  constant  velocity  until  such  time  as  a  transition  takes  place  to 
high  order  detonation.  However,  the  transition  to  detonation  ap¬ 
parently  takes  place  at  some  point  within  the  explosive  since  the 
detonation  wave  shows  a  distinct  curvature  at  the  side  of  the  explo¬ 
sive.,  This  curvature  makes  the  measurement  of  the  detonation  rate  in 
the  acceptor  somewhat  difficult  and,  therefore,  is  not  being  reported. 
However,  this  rate  can  be  deduced  from  time  of  arrival  data. 

Consider  In  Figure  4  those  longer  acceptors  which  transferred 
over  to  detonation.  Let  us  assume  that  the  distance  along  the  side 
of  the  stick,  at  which  the  transition  to  high  order  is  seen,  repre¬ 
sents  the  distance  on  the  axis  of  the  charge  where  the  transition  did 
occur.  Since  we  know  the  velocity  of  the  shock  at  the  center  this 
point  determines  the  actual  time  at  which  detonation  started.  Thus, 
with  this  distance  and  time,  and  the  exit  time  from  the  end  of  the 
stick,  we  may  calculate  a  detonation  velocity.  This  has  been  done  for 
all  the  charges  that  detonated  in  the  1/2"  steel  series.  All  the 
detonation  rates  observed  were  higher  than  the  rate  for  the  donor. 
However,  there  is  considerable  scatter  for  most  of  the  data,  as  they 
represent  the  measurement  of  detonation  rates  over  only  a  few  tenths 
of  an  inch.  For  the  two  instances  where  there  is  over  an  inch  lu 
which  to  measure  the  detonation  rate,  the  value  obtained  was  8.1  mm/ 
microsecond;  which  is  not  significantly  different  from  the  detonation 
rate  of  the  donor. 


UNCLASSIFIED 


180 


VELOCITY,  mm/jis 


Clark  &  Schwartz 


UNCLASSIFIED 


> 


X 


DISTANCE  FROM  AXIS..  R 


UNCLASSIFIED 


181 


Clark  6t  Schwartz 

UNCLASSIFIED 

For  the  series  with  the  3/8”  steel  plate,  the  point  whera  the 
transition  to  detonation  took  place  was  less  than  0.5”  and  the  deto¬ 
nation  always  took  place  so  that  the  axial  velocity  of  the  shock  wave 
could  not  be  determined.  However,  the  low  order  wave  was  observed  on 
the  side  of  the  acceptor.  Its  velocity  spread  was  somewhat  greater 
than  in  other  instances,  possibly  because  of  the  shorter  distance 
over  which  it  could  be  measured.  A  least  squares  fit  of  the  points 
with  acceptors  longer  than  Q.S”  was  made,  and  a  value  of  8.032  db/ 
microsecond  was  obtained.  This  value  again  does  not  differ  signifi¬ 
cantly  from  the  detonation  rate  of  the  donor.  Therefore,  these  few 
measureoants  are  iasufficient  to  show  any  differences  In  the  detona¬ 
tion  rates  of  the  donor  and  the  acceptor. 

PiaeuBiion 


Possibly  the  easiest  manner  in  which  tba  sudden  increase  is 
shock  velocity  In  Figure  3  can  be  explained  is  that  this  discontinu¬ 
ity  represents  a  sudden  onset  of  chemical  reaction  or  at  least  an 
increase  in  chemical  reactions  which  then  supports  the  i':hoek  wave. 
This  hypothesis  is  further  supported  by  the  fact  that  there  la  a  con¬ 
siderable  difference  between  the  velocities  on  the  axis  and  the  y^r- 
iphery. 

Thus,  it  appears  that  a  necessary  condition  for  a  shock  wave  to 
Initiate  detonation  Is  that  the  shock  pressure  should  be  sufficiently 
high  BO  as  to  initiate  chsaical  reaction  xnd  to  support  a  shock  on 
the  axis  of  the  charge  markedly  faster  than  at  its  periphery.  Xt  is 
not  clear  that  this  is  s  sufficient  condition  since  some  charges  of 
this  type  did  not  detonate.  However,  the  transition  point  was  ipiite 
variable,  and  it  might  be  argued  that  these  charges  were  not  long 
enough  for  the  transition  to  take  place.  Also,  there  is  some  indi¬ 
cation  that  the  shock  might  be  starting  to  slow  down  but,  since  this 
represents  the  results  of  only  two  shots,  it  Is  not  conclusive  and 
more  firings  are  necessary  to  settle  this  point. 

At  this  time,  it  is  not  clear  as  to  what  other  conditions  musr 
be  satisfied  for  this  reactive  shock  to  transfer  to  high  order.  The 
fact  that  the  distance  to  the  transition  is  quite  variable,  suggests 
that  the  condition  at  least  in  part  is  statistical,  possibly  having 
to  do  with  the  location  of  voids  or  other  inqperfections  in  the  ex¬ 
plosive.  In  order  to  determine  if  this  is  indeed  the  case,  we  are 
presently  studying  the  same  phenomena  in  very  good  quality  plastic 
bonded  explosives. 

It  seems  obvious,  however,  from  the  fact  that  with  thinner  steel 
plates  the  distance  to  transition  decreases  and  the  spread  in  this 
distance  also  decreases,  that  the  condition  is  not  completely  statis¬ 
tical.  The  fact  that  the  velocity  of  the  wave  is  greater  in  the 
center  of  the  stick  than  in  the  periphery  leads  to  an  instability, 
which  might  explain  what  we  have  observed  so  far.  The  velocity 
gradient  results  in  a  continually  decreasing  radius  of  curvature  for 
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this  low  order  detonation,  similar  to  what  might  be  observed  with  a 
convergent  detonation  wave.  At  some  timej  the  decrease  in  the  radius 
of  curvature  would  be  expected  to  result  in  higher  pressures  in  this 
region,  with  a  consequent  Increase  in  velocity  resulting  in  a  further 
decreiise  in  radius  of  curvature.  Consequently  the  transition  from 
this  low  order  process  should  be  expected  to  take  place  in  a  cata¬ 
strophic  manner. 

Further,  this  process  has  In  it  the  elements  of  being  affected 
by  statistical  variations  in  the  charge,  as  various  small  voids  in  the 
explosive  might  be  expected  by  a  jetting  process  to  form  the  small 
radius  of  curvature  somewhat  earlier  than  in  the  normal  process  and, 
thus,  cause  the  transition  to  take  place  at  an  earlier  stage. 

Thus,  the  picture  develops  of  a  shosk  pressure  sufficiently  high 
to  .nduce  chemical  reaction  to  support  the  shock  wave.  The  radial 
pressure  gradient  induces  a  velocity  gradient  which,  in  turn,  reduces 
the  radius  of  curvature  which,  when  sufficiently  small,  tranufers 
suddenly  to  high  order  detonation.  For  larger  charges  where  the  pres¬ 
sure  gradient  and  consequently  the  velocity  gradient  across  the  stick 
is  small,  or  in  instances  where  the  shock  wave  would  have  a  uniform 
impulse  across  the  acceptor,  the  transition  to  detonation  should  take 
place  further  along.  In  similar  work  with  charges  1  1/2"  in  diameter 
and  suitable  transfer  plates,  we  find  that  the  transition  takes  place 
at  1.0"  rather  than  0,6",  As  yet  we  have  not  performed  the  uniform 
impulse  experiment  although  this  is  planned  for  the  near  future.  At 
present,  the  experimental  evidence  is  Insufficient  to  prove  this  mech¬ 
anism;  however,  it  does  seem  to  contain  within  it  the  elements  to 
e^qplain  some  of  the  experimental  results  that  have  bean  observed  to 
date. 

References 

(1) Initiation  to  Detonation  of  High  Uxplosives  by  Shocks  - 
NAVORD  Rpt  #5710,  Naval  Ordnance  Laboratory. 

Acknowledgements 

The  authors  greatly  appreciate  the  able  assistance  rendered  by 
Kr.  E.E,  (iTalbrecht  and  Mr.  E.  Dalryople  In  obtaining  the  excellent 
photograph  records  from  which  the  above  results  were  obtained. 


UNCLASSIFIED 


183 


CONFrDENTL<\L 


THE  INFLUENCE  OF  ENERGY  OF  DECOMPOSITION  OF  THE 
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During  the  past  two  decades  a  considerable  amount  of 
research  has  been  undertaken  to  determine  the  nature  of  initiation  of 
explosives  and  of  the  transition  of  initiation  to  detonation.  The 
first  satisfactory  theory  of  initiation  was  proposed  by  Bowden  and 
co-workers  (l),  who  assumed  that  the  presence  of  thermal  hot  spots 
is  responsible  for  the  breaking  of  the  bond.  Many  phenomena  of  ini¬ 
tiation  could  be  explained  by  the  hot  spot  theory.  To  cite  a  few 
exanples:  initiation  by  heat,  by  hot  wires,  by  stab,  percussion,  and 
by  shock.  However,  as  new  experiments  were  invented  and  data  gather¬ 
ed,  the  hot  spot  theory  was  not  considered  satisfactory  for  explain¬ 
ing  certain  phenomena  associated  with  gap-type  initiation  and  with 
spontaneous  detonations  during  crystsd.  growth  oi  metastable  materials 
(2),  (3),  (^)*  In  addition  to  these  phenomena,  miiltiple  energy  ex¬ 
posures  including  phase  transformaticn  indicate  that  a  purely  thermal 
model  of  initiation  is  not  too  satisfactory  (5)»  (T),  (8),  (9), 

(10),  (11).  This  author  (l2)  proposed  a  theory  of  initiation  which 
attempts  to  explain  initiation  processes  in  terms  of  rapidly  changing 
field  gradients  within  the  intra-atomic  6md  intramolecular  spaces  of 
a  metastable  compound.  The  rapid  changes  of  the  field  gradients 
which  ultimately  would  lead  to  the  severance  of  the  chemical  bonds 
can  be  achieved  by  influx  of  various  energy  forms  either  singularly 
or  mxiltiply  applied.  They  have  to  be  absorbed  in  the  compound  in 
order  to  produce  an  intra-atomic  or  intramolecular  disturbance.  Ab¬ 
sorption  coeffi(jients  of  various  metastable  compounds  for  various 
radiant  and  vibrational  energies  have  been  only  sparsely  determined 
as  well  as  the  interaction  cross  sections  for  ionir.ing  rr.dlativ.-iia 
and  particles. 

When  multiple  exposure  is  used  in  the  study  of  initiation 
of  metastable  materials  usually  one  of  the  energy  forms  applied  is 
heat.  The  particular  specimen  material  is  heated  to  certain  ten^iera- 
tures  and  another  energy  form  such  as  stab  or  light,  for  instance,  is 
applied  to  the  material.  The  measurements  reveal  that  as  the  tem¬ 
perature  of  the  specimen  is  ino'eased  the  additional  heterogeneous 
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energy  can  be  reduced  to  affect  initiation.  This  is  also  true  for 
radiant  energyx(UV)  when  used  instead  of  heat  as  a  pre -exposed  energy 
form  (6),  (7).  Since  the  pre-exposed  radiant  energy  magnitudes  are 
very  small  and  do  cause  significant  reduction  oi  '.he  amount  of  heter¬ 
ogeneous  energy  to  affect  decomposition,  it  is  considered  that  the 
hot  spot  theory  fails  to  explain  this  phenomenon  (5)* 

Photolysis  and  themolysis  experiments  of  metal  azides 
carried  out  by  numerous  investigators  including  those  at  the  Basic 
Research  Group  were  able  to  point  out  that  iii  the  early  stages  of 
initiation,  color  centers  and  excitons  were  formed  and  perhaps  also 
short  lifetime  free  radicals  of  N_  (15)>  (l^)-  Thus.,  even  in  exceed¬ 
ingly  pure  compounds  tlie  stoichio^tric  equilibrium  io  disturbed  due 
to  the  appearance  of  nitrogen,  colloidal  metal,  and  compounds  of 
lower  nitrogen  content  which  in  turn  accelerate  catalytically  the 
decomposition  of  the  compound  (l5)^  (16).  These  "catalystf^"  seem  to 
be  the  sites  of  electronic  disttnrbances  thus  modifying  field  gradient 
distribution  in  the  vicinity  of  undecomposed  molecules  and  with  fur¬ 
ther  influx  of  external  energy  more  and  more  undecomposed  material 
will  be  affected. 

In  the  process  of  breaking  of  the  chemical  bond,  a  signi¬ 
ficant  amount  of  energy  is  generated.  Because  of  its  spectral  dis¬ 
tribution,  specific  for  a  given  compound,  a  large  portion  of  this 
energy  will  be  absorbed  in  the  mdecomposed  compound  thus  increasing 
the  field  disturbances  in  front  of  the  reaction  zone.  When  large 
enough  in  magnitude,  the  bond  will  break  thus  ensuing  an  additional 
production  of  energy,  accelerating  the  decomposition  to  detonation 
(17). 


It  is  well  known  that  detonating  materials  produce,  besides 
heat  and  shock,  also  radiant  energies  in  the  form  of  light  as  well  as 
microwaves  and  soft  X-Rays  (l8),(l9).  It  is  also  known  that  electric 
charges  are  an^jly  produced  not  only  in  the  form  of  electrons  but  also 
in  the  form  of  positively  ^d  negatively  charged  ions  of  various 
velocities  (20 ),  (2l).  These  energy  forms  are  always  observed  simul¬ 
taneously  when  a  metastable  compound  detonates.  The  energy  distribu¬ 
tion  and  STCctrum  of  individual  energy  forms  vary  from  substance  to 
substance  ^17) •  Preliminary  investigations  performed  by  members  of 
the  Basic  Research  Group  and  by  its  contractors  indicate  that  not  all 
of  the  energy  of  decomposition  is  heat  (22),  (25).  Perhaps  up  to  50 
percent  and  more  covild  be  assigned  to  radiant  energy  alone.  The  re¬ 
mainder  could  be  classified  as  heat  and  shock. 
y 

To  atten^it  to  understand  the  phenomena  which  lead  from  ini¬ 
tiation  to  detonation  one  woixld  have  to  acquire  a  thorough  knowledge 
of  the  phenomena  associated  with  initiation.  If  initiation  is  essen¬ 
tially  an  electric  ptienomenon,  namely,  interaction  of  external  elec¬ 
tromagnetic  energies  with  the  intra-atomic  and  intramolecular  fields, 
the  generation  of  electric  energy  forms  will  result.  However,  as  the 
interaction  progresses  from  the  color  center  and  exciton  formation 
into  the  free  radical  production  and  molecular  fragmentation  of  rather 
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unexpected  combinations  (24),  heterogeneous  energy  forms  are  generated 
by  these  processes.  A  transition  from  a  prevalent  electromagnetic 
energy  stage  to  a  vibratory  (thermal)  stage  will  now  be  observed. 

When  the  detonation  stage  is  reached  the  production  of  thermal  ener¬ 
gies  and  shock  waves  prevails.  However,  it  should  be  pointed  out  that 
a  still  considerable^  amount  of  other  energy  forms  (electromagnetic) 
will  be  present.  These  energy  forms  will  penetrate  into  the  not  yet 
decomposed  portion  of  the  detonating  specimen  thus  conditioning  it 
for  subsequent  decomposition  (l?)*  The  presence  of  electromagnetic 
energy  forms  in  the  transition  from  initiation  to  detonation  is  prov¬ 
ed  by  the  influence  of  strong  magnetic  and  elecrric  fields  on  detonat¬ 
ing  metastable  materials.  An  apparent  decrease  of  sensitivity  and  a 
reduction  of  detonation  velocities  was  observed  when  detonating  com¬ 
pounds  were  exposed  to  these  fields  (2l).  This  seemed  to  indicate 
that  certain  electric  conponent  energl.s  have  to  be  available  in  the 
transition  period  for  appropriate  acc»;-.emtion . 

The  disregard  of  the  role  of  electric  energy  forms  explains 
the  difficulty  of  establishing  valid  prediction  of  decomposition  i-em- 
peratures  of  r-etastable  materials.  Many  attempts  have  been  made  but 
none  of  the  predictions  approached  the  observed  temperature  ranges 
closely  enough  (2l),  (22),  (23).  It  is  realized  that  the  problem  of 
establishing  a  satisfactory  model  of  the  transition  from  initiation 
to  detonation  is  a  very  complex  one  and,  therefore,  difficult  to 
establish.  The  inclusion  of  electric  and  magnetic  phenomena  into 
this  model  will  probably  simplify  the  understanding  of  the  phenomena 
and  ultimately  enable  one  to  predict  the  circumstances  leading  to 
detonation  of  raetastable  substances. 
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